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CHAPTER I
INTRODUCTION
Large conduit arteries convey blood from the heart to
the distributing vessels of the peripheral tissues.

In ful-

filling this function, the conduit arteries play three important rolesa

1) they damp flow oscillations by serving as tran-

sient blood stores, filling during systole and draining during
diastole; 2) they damp the pressure oscillations by serving as
transient energy stores, distending duringsystole and recoiling
during diastole; 3) they transmit thepressure pulse, a parameter of physiological and clinicalrconccrn.
Much experimental information has been obtained regarding the arterial wall.

In most of the physiological

studies, vascular strips, rings, or isolated pressure-volume
segments have been used; in

pharmaco~ogical

studies, spiral

strips cut from the muscular media have usually been used;
These

prepar~tions

differ from in

~

conditions in that they.

fail to maintain appropriate geometry, and in many cases,
ignore the mechanical properties of the passive arterial connective tissue. The wall, in its entirety, must be considered.
The present research is directed toward a more precise description of the physical characteristics of the arterial
wall, and is especially concerned with the way in which these
characteristics are altered by the presence of active smooth
muscle.

1

CHAPTER II
REVIEW
A.

or

THE LITERATURE

Morphological Appearance.

Li~ht

microscope

studies of the walls of arteries reveal three fairly distinct,
concentric layers; an inner intima bordering the lumen, a media,
and an outermost adventitia (Benninghoff, 1927).
1.

Intima.

of endothelial cells.

The intima is composed of a single layet
These are separated from the media by

the internal elastic lamina.
aorta have been described as

Endothelial cells of the rabbit
30-35~

retracted state (Ferrara, 1950).

by

8-15~

when fixed in

t~e

They ~re flat except in the

nuclear region where they may be wider, in order to accomodate
the nucleus.

In undistended arteries, the endothelial cells

often bulge into the lumen (Buck, 1958; VanCitters et al, 1962;
Hayes, 1967).

Upon examination under the light microscope, the

endothelium appears to form a smooth, flat sheet when it is
distended by physiological pressures.

However, electron micro-

scopy reveals that small endothelial processes may still project into the lumen, even when the vessel is moderately distended (Matthews and Gardner, 1966).
Buck ( 1958) and Pease and Paule ( 1960) observed by
electron microscopy that an interphase of collagenous fibers is
located between the endothelium and the internal elastic lam-

.

ina, although other authors claim that the endothelium rests

..

3

directly upon the internal elastic lamina (Policard et al, 1955,
1960; Karrer, 1958).

The mechanical influence of collagenous

fibers in this location could be important, but this would depend upon whether they were in a slack or stretched state at
physiolog.i,cal pressures.

Endothelial cells are bounded by a

three-layered membrane which often manifests tortuous folds,
even in the distended artery.

Vesicles may be seen within the

endothelial cell cytoplasm, usually near the membrane.

The

vesicles are usually interpreted as inpocketings of the cellular
membrane (Rhodin, 1962).
2. Media.

The media of the arterial wall is composed

alternating layers of elastic lamina and smooth muscle cells.
The elastic lamina are composed of many fin,e, homogenous fibers.

These fibers vary in size, and appear to run randomly

in all directions (Dees, 1923; Ayer and Eisenstein, 1963).
A tangle of microfibrils may be seen near and attached to
strands of elastin (Karrer, 1961).
as

soA

in diameter (Low, 1962).

Some of these are as small

Cross-sections of the lamina

of retracted arteries show many dots indicating some longitudinal disposition of elastic fibers (Huber, 1916).

The gross

appearance af the lamina is one of thick, corrugated lines.
However, this corrugated appearance is an artifact of vessel
retraction prior to fixation.· If vessel distention is maintained during fixation, these corrugations are not ssen.

In-

stead, the elastic lamina are seen as smooth, thin, concentric

4

·.lines (Wolinsky and Glagov, 1964; Bunce, 1965; Hayes, 1967).
occasional breaks are seen in the lamina, which may be identified as gaps or windows (lamina fenestrata) when viewed in
longitudinal sections. · Fine elastic fibers also form a net,
spanning successive concentric elastic laminae.

Thus, a three-

dimensional elastin frame provides a network throughout the
media.

At physiological pressures these fine spanning fibers

are pulled into a nearly circumferential position (Wolinsky
and Glagov, 1964).
In large elastic arteries, smooth muscle cells bridge
successive elastic lamina, forming so-called "spanmuskeln"
'(Benninghoff, 1927).

The muscle is usually attached directly

to the main body of the elastic lamina, although occasionally
the muscle may be attached to a stray tail, presumably of
elastin, projecting from the lamina (Keech, 1960).
In electronmicrographs the muscle cells appear to be
n

attached to elastin by a 200A layer of cement substance
(Pease and Paule, 1960).

Strong(1938) discovered during micro-

dissection of arteries that the media can be unravelled as a
spiral strip.

Longitudinal muscle was found only in the femoral

artery, and even there, it was sparse as compared with the
abundant circumferentially-oriented muscle.

Analyses of arter-

ial sections cut at many different angles led Fischer(1951) and
Goerttler (1953) to conclude that the circular muscle is arranged in continuous spirals within the media.

The presence

5

of left and right spirals probably explains how contraction
tw~sting

produces a decrease in diameter with no gross

of the

vessel.
In the relaxed state, smooth muscle cells are long,
thin, and spindle-shaped, about 60u long and
nucleus is usually

~n

2~

the center of the cell.

wide.

The

McGill(1909)

noted that mechanical and drug-induced smooth muscle contraction caused no changes in the volume of the nucleus, although
it did cause wrinkling of the nuclear outline.

Other cyto•

pla~m

organelles are usually near the longitudinal poles of the

cells.

Myofilaments of uniform size appear to run throughout

the cells.

Successive smooth muscle cells are staggered so

that the wide central portion of one cell lies adjacent to the
end~region

of another.

layered membrane, and

it~

Individual cells have a three-

generally conceded that the plasma

membrane is normal in appearance.

•
The
basement membrane,·
L

however, is controversial.

Rhodin(1962) working with the fem-.·

oral artery, and Matthews and Gardner (1966) working with the
mesenteric artery, observed well-defined

base~ent

membranes,

while Pease and Paule(1960) using the aorta, and Pease and
Molinari (1960) studying pial arteries observed a rudimentary
basement membrane.
a poorly developed

The latter authors noted similar reports of
baseme~t

membrane

b~

Caesar at al (1957) in

the smooth muscle of urinary bladder ~nd uterus, and by Mark

6

(1956) who also studied uterus.

Evans and Evans (1964) com-

pared the non-innervated amnionic smooth muscle with the

in~

nervated nictitating membrane musc'le in the chick embryo.

An

interesting correlation was observed between the consistent
presence ?f a basement me~brane in the nictitating membrane
(a multi-unit muscle receiving a high ratio of nerve-to-muscle
innervation, and the absence of a basement membrane in the amnionic muscle which is totally non-innervated.

These observa-

tions suggest that the absence of a basement membrane may be
related to excitation by diffusion of neurohumoral stimuli, or
to a cell-to-cell mode of transmission of excitation.

Inter-

cellular bridges between smooth cells of arteries have not been
observed, although Parker(1958) has observed close contact between adjacent cells in coronary arteries.

In large elastic

arteries an intercellular space is present essentially excluding intercellular contact.

In fact, in some arteries a layer

of collagenous or elastic fibers has been seen surrounding the
individual smooth muscle cells. (Movat and fernando,1963).
The media also contains many collagen fibrils.
These are randomly dispersed in retracted vessels, but exhibit
circumferential orientation in vessels distended to 150 mm Hg
(Wolinsky and Glagov, 1964).

Collagen fibrils are not connect-

ed to either elastic or muscular elements (Pease and Paule,
1960; Pease and Molinari, 1960; Wolinsky and Glagov, 1964).

7
Anatomical studies thus indicate that the elastin and smooth
muscle are essentially in parallel, and that these elements,
in turn, are in parallel with collagen.
3. Adventitia.
wall is the adventitia.

the outermost layer of the arterial
It is composed of elastin, many col-

lagen fibrils, and numerous long, thin tapered fibroblasts.
All but the neural elements are arranged circumferentially.
Wolinsky and Glagov(1964)
ious distending pressures.

fixed rabbit.aortae while under varThey reported that unlike medial

connective tissue fibers, the adventitial elastin and collagen
were neither markedly wrinkled at low pressure, nor markedly
straightened at high pressures.

These authors concluded,

therefore, that it is the medial collagen which provides the
relative inextensibility at pressures above 80-100 mm Hg.
Since the adventitial collagen remains somewhat slack, even at
200 mm Hg, this component is thought to provide a protective
jacket against extremely high distending pressures (Burton,
1954).
4. Vasa Vasora.

the vasa and vena vasorum provide

the arterial wall with nutrition and removal of waste products.
The vasa vasorum usually derives from branches of the artery
in question, and als6 from adjacent arteries.

the carotid, for

example, is supplied by variable sources but almost always includes small branches which arise from the carotid itself.

8

often a branch derived from the axial artery is also present
(Via et al, 1964).

A vena vasorum usually runs with the vasa

vasorum and, in the case of the carotid, empties into the j0gular vein (Via et al, 1964).

Extensive studies on the aorta

and coronary arteries indicate that arterial vasa vasorum entering from the adventitia of arteries break up into arterioles
and capillaries, but that these are distributed only in the
outer twO-thirds of the media in normal vessels (Paterson,
1936; leary, 1938; Horn and Finklestein, 1940; Nelson, 1941;

Schlichter, 1949; Wartman, 1950; Geiringer, 1951).

It is not

surprising that patent arterioles and capillaries are not
found in the inner third to half of the wall;the predicted
intramural stress (Peterson, 1966) is highest at the lumenal
margin, declining rapidly across the wall.
the adventitial

mar~in.

It is lowest at

Interestingly, all of the many ana-

tomical studies mentioned above indicate that

capillari~s

are

found in the intima only where sclerotic thickening is ob served.

This implies that either increased diffusion dis-

tances somehow induce the development of intimal vascularization to fulfill metabolic needs, or that the presence of
atheromatous plaques and other such lesions provide sufficient
rigidity to prevent compression of intimal vasa vasora.
Studies on the diffusion of various solutes through the wall
of excised vessels (Woernar, 1951; Wilens and McCluskey, 1952;

g

Kirk and Laursen, 1955} indicate that many water-soluble and
lipid-soluble substances readily penetrate the intima and med.
lao

The adventitia tends to be. much less permeable than the

inner regions, especially to lipids.

Barcroft et al (1944)

presented.·evidence that mucopolysaccharides may play a role in
facilitating diffusion of nutrient substances in the umbilical
cord.

The mucopolysaccharide

~round

substance in arteries may

play a similar role in providing passage where no disGrete
vasa vasorum exist.

Shimamoto (1961) identified a large sub-

endothelial space which presumably is fluid-filled in life,
and which could provide a channel through which nutrient and
metabolic materials might flow and diffuse.
Quantitative studies on bulk flow of lumenal fluids·
through the vasa vasorum have been undertaken by Jaeger (1964).
Isolated vessels were mounted in a tissue bath which was·
sealed except for a vertical pipette.

The vessels were

stretched, sealed at one end, and the lumen filled with fluid.
A catheter connected to the unsealed end of the vessel permitted oscillating pressures to be imposed upon the lumenal fluid.
Changes in the height of the extravascular fluid in the pipette
were used to measure transmural flow.

Pig carotids exhibited

flows of 0.5 to 0.6 ml Tyrode solution per minute per 100 gm
I

of tissue,

~hils

dog carotids exhibited flows of 0.3 to 0.4 ml

Tyrode solution per minute per 100 gm of tissue.

According

10
to the author, these values are about four times as high as
more vis.cous blood.

However, no consideration was given to the

difference in oxygen-carrying capacities between Tyrode's solution and blood, or to any metabolic autoregulation of vasa
vasorum that might occur.

Transmural flow increased rapidly

. up to 150 em H20 transmural pressure, then increased gradually
above this value.

flow tended to decrease with muscle con-

traction and also with age.

India ink studies indicated that

the flow may take two routes.

One path is by the vasa externa,

vessels which originate at the lumen, pass through the wall and
turn back

~o

reenter the adventitia.

Another path is by the

vasa interna, vessels which supply the wall directly from the
lumen.

The ostia for the vasa externa appear in the walls of

side branches off the parent artery, while the ostia for the
vasa interna appear in smooth portions of the arterial endothelium.
transm~ral

Tying all visible external vessels reduces the total
flow to

~out

25% of the original value, so that the·

vasa interna and diffusion accounts for '

about~a
\

quarter of

total transmural flow.

s.

Innervation.

and efferent innervation.

Blood vessels receive both afferent
Polley(1955) demonstrated by de-

generation studies that blood vessels in skeletal muscle and
skin receive visceral afferent innervation.

These fibers ter-

minat~ in the perivascular connective tissue in the adventitia.

11

Even in the carotid sinus and the common carotid baroreceptor
areas, regions rich in afferent innervation,

light,mic~oscopy

studies reveal that afferent fibers terminate only in the adventitia (deCastro, 1928; Abraham, 1949; Boss and Green, 1956}.
Presumably other afferent fibers are similarly localized in
the wall of arteries.

With the

exceptio~

of a few.areas of the

body, efferent fibers tQ the arterial wall are entirely sympathetic.

Much research using light

mi~roscopy

in conjunction

with methylene blue and silver staining has been published
de~cribing

agreed

tha innervation of smooth muscle.

tha~

It is generally

the terminal portion of autonomic fibers end in a

fine, meshed plexus of unmyelinated fibers 0.1 to 1.7
diameter.

This plexus has been

call~d

IJ

in

an "Autonomic ground

plexus" (Hillarp, 1959) and a "Sympathetic ground plexus"
(Boeke, 1949).
Electronmicroscopy studies of the innervation of the
arterial wall. hav·e also been reported.

!Ali th few exceptions,

: these studies indicate that all the innervation terminates
somewhere in the adventitia, usually near the adventitia-medial
~border .(Caesar at al, 1957; Keach, 1960; Samarsinghe, 1963;

Dahl and Nelson, 1964).

Parker (1958) noted that often several

unmyelinated axons may be enclosed by a single Schwenn cell.
Zalander at al (1962) and Appenzeller (1964) reported that
abund,nt numbers of vesicles may be present in the axone in-

nervating blood vessels.
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These vesicles appeared to be most

concentrated at regions of the neurons nearest th~ smooth muscle cells.

Presumably these vesicles contain the granules sean

in sympathetic axons and which Wolfe et al (1962) demonstrated,
by electronmicroscopic autoradiography, contain catacholamines.
No specialized nerve-smooth muscle junction comparable to the skeletal muscle end-plata has been described.
Yamamoto (196G) reported that axone lose their Schwann cell
sheaths just before reaching the smath muscle, and than
actually penetrate smooth muscle calls.
every othe~ report.

This is contrary to

Close membrane-to-membrane contacts,

'however, have been observed.

Nerves have been found very close

to outpockatings of smooth muscle cells which protrude into
the adventitia (Appenzeller, 1964; Dahl and Nelson, 1g64;
lever et al, 1965).

The junctional space has been described

to be as small as 0.1 u.in the rat mesenteric artery (Matthews
and Gardner, 1966) and as large as 0.5 ~ in rabbit pulmonary
artery. ·The outpockatings of smooth muscle calls also contain
numerous vesicles and mitochondria, suggesting some important
metabolic function.
Extensive analyses of catecholamine content by
Schmiterlow (1948) also support the restriction of adrenergic
fibers to the adventitia.

Bioassay and chemical tests of be-

and equine carotid arteries indicated that almost all of

13

'the

~orepinephrine,

0.75 u per yram of fresh tissue, was con-

fined to the adventitia.
The introduction of tne histochemical fluorescence
method of ralck and Hillarp (ralck, 1962; ralck at al, 1962)
has provided a new tool for evaluating the presence of postganglionic sympathetic neurons in arteries.

When tissues are

treated with formaldehyde gas, and then dehydrogenated, certain
biogenic monoamines
- such as norepinephrine,
dopamine and
.
..
5-hydroxytryptamine - become visibly fluorescent.

Swedish

investigators (Norberg and Hamberger, 1964) demonstrated that
. adrenergic fibers are located in elastic arteries only as a
thin meshwork layer just outside the media and along the vasa
vasorum.

This meshwork sends processes which project centrip-

etally toward the muscle layers; however the nerve processes
never penetrate among the muscle cells.

r1uorescence tends to

. be most intense at the terminal regions of these apparant
neuronal projections.

Several lines of evidence indicate that

.this fluorescence fades beginning about three hours

~fter

re-

serpinization, first in the nerve cell bodies, and later in the
terminals.

In some

spe~ies

pretreatment with monoamine oxidase

· inhibitors, such as Nialamide tends to increase fluorescence,
while pretreatment with norepinephrine and dopamine increase
fluorescence all along the neuron (ralck, 1962; Norberg and
1964a ruxe and Sedvall, 1965).

Sectioning or ~om-
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pressing a peripheral sympathetic nerve ca~ses an increase in
fluorescence on the central side of the obstruction (Norberg
and Hamberger, 1g54), and results in an accumulation of electronmicroscopy discernable granules at this location (Kapeller
and Maya~, 1966a,b,). In some of the fluorescence experiments
the borohydride reduction test of Corradi et al (1964) was
used to differentiate catecholamines from non-neuronal fluorescent structures such as elastin.
B. Connective Tissue of the Arterial Wall.
1.

Elastin.

a.

Content in the Arterial Wall.

The arterial

wall contains a considerable amount of elastin.
Lowry at al(1941) extracted everything in the wall
except elastin by boiling arterial samples in dilute alkali.
The remaining elastin represented between 24 and 30% of dry
tissue weight of the human and rat aortae.
Hass (1942) extracted elastin from human aorta~
. with formic acid.

The arterial wall was found to contain be-

tween 28.9 to 42.2% elastic tissue with no apparant relation
age.
Meyers and Lang (1946) used the method ~f Lowry et al
to determine that 37% of the.dry.weight of young aortic
intima was elastin.

With age this value decreased

26% •.
Neuman and Logan (1950) determined the elastin con-
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. tent of whole bovine, pig, and rat aorta to be 39%, 57%, and
47%

respectively.

The method used was to remove most of the

non-elastic tissue by boiling in water.

The remaining elastin

was assessed by a colorimetric determination of hydroxyproline
by weight.

This value is in agreement with amino acid analyses

of elastin derived from various tissues
faber and moller-Hou (1952) used the methods of
Lowry at al (1~41) 1 to analyze for elastin in the media and intima of normal and hypertensive human aortae.

In normal aortae

elastin ranged from 35% of dry tissue weight at age 20 to
20% at age .so •
.Kraemer and ffliller (1953) determined by removal of all
but the elastin that the presence of atheromatous plaques was
not correlated with alterations in the elastin content of the
aorta.

Both normal and-atheromatous human aortae contained

about. 35% elastin by dry weight.
Harkness at al (1957) surveyed the elastin content
of different portions of the arterial tree from the aorta
~through the saphenous artery.
~remove

The tissue was autoclaved to

collagen, and then boiled in 0.1 N alkali to remove

· noncollagenous, alkali-soluble proteins.

The systemic arterial

found to be divided into two distinct regions.

In the

thoracic aorta from the aortic valve to the diaphragm, the
~

.

~ratio of elastin to elastin-plus-collagen by dry weight was
~.

~;

v-'

'

·50 to 60%.
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Distal to the diaphragm the ratio of elastin to

' elastin-plus-collagen dropped to 25 to 30%.

The entire trans-

ition was found to occur over a 5 em length of the aorta.
Scarselli(1961) stained the elastin of human aortic
tissue with orcein dye, and then enzymically hydrolyzed the
tissue.

Photometric analysis gave quantitative estimations of

elastin content.

Elastin was found to represent about 20% of

the wall· at a few months of age, rising. to nearly SO% at age

Hosada and Minoshima(1965) assessed the elastin content of hu~an aortae and pulmonary arteries using Scarselli's
orcein dye method.

Both the systemic and pulmonary aortae

.contained about 30 to 35% of dry weight taken from subjects
up to 10 years of ag~.

This percentage gradually fell with

each decade to about 22% at the seventh decade of life.
Smith at al (1957) demonstrated by differential'
staining, that reticular or collagenous fibers are often seen
: closely applied to the elastic lamellae in the media in the
mouse a~rta.

Increased quantities of ground substance

also observed.

It appears that the decrease in elastin

about 35 to about 25% seen with aging reported by meyers
~

and Lang (1946), Harkness et al (1957) and by Hosada and

, rrlinoshima (1965) ·may result, in part, from an increase in the
of other connective tissue elements, mainly
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rischer and Llaurado (1966) reported that the elastin
content of systemic arteries varies with different
most

medium-si~ed

v~ssels.

arteries, carotid, femoral, and mesenteric,

contained 20 and 35% elastin by dry weight.

The aorta con-

tained 40% elastin by weight, while penal and coronary arteries
contained only 16 to 18% elastin by dry weight.

In other ex-

periments these authors (1967) found no difference between
.~the

elastin content of these in

nor~al

dogs as compared with

those obtained from renal hypertensive dogs.

These studies

showed, as did those of Harkness et al (1957), that the elastin
content of·the pulmonary artery resembles the peripheral systemic arteries (about 26% elastin), rather than the thoracic
aorta (about 40% elastin).
Apter et al ('1966), using histolqgical and chemical
analyses, also reported on the elastin content of the aorta.
'·The ascending aorta contained 45% of dry

weight~

This value

declined with increasing distance from the aortic valve.
The reason for the differences in distribution of
. elastin in arteries is not clear; the sharply defined increase
in the thoracic aorta is especially baffling.

The high con-

tent of elastin fails to correlate ·consistently with trans- .
mural pressure,

negativ~

extravascular pressure, or the intra-

thoracic movements associated with respiration.

Neither the

pulmonary artery, nor the sy~temic arteries of hypertensive
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animals exhibits the high elastin contents of the thoracic
. aorta, while even the thoracic aorta of newborn puppies show
, these high contents.
b.

Morphological Appearance.

The morphological

appearance of elastic tissue depends upon the tissue from which
. it is derived.

In ligamentum nuchae it is densely-packed with

.the appearance of parallel fibers.

In the arterial wall the

elastic fibers are condensed into flat sheets forming curved,
fenestrated lamellae which lie concentric to the lumen.
Under the light microscope the elastic.lamina appear to be
composed of. two or more kinds of elements (Dees, 1923).

The

first is a coarse network in which the thick fibers show
branchings.

These fibers are 3

of very fine fibrils.

~

or less.

The second consists

More recent studies, however, suggest

that these size differences may not reflect any basic differences in fiber proportion.
The earliest electronmicroscopic studies of elastin
. ·,· were performed by Wolpers(1944) on pepsin-treated ligamentum

·.

·(. nuchae and aortae.
ware observed.

fibers ranging from 200 to 2500

R diameter

Studies on elastin obtained from ligamentum

nuchae (Gross, 1949J lansing et al, ·1952), carp swimbladder
(Gross, 1949), aorta (lansing et al,· 1952), ~kin (Bahr, 1951,
\1955a linden et al, 1955) and alveoli (Laitinen, 1960) all·

revealed fine intertwined fibrils.

19
On the other hand, other

studies on carp swimbladd~r (Franchini and deAobertis, 1951)
and skin (Tunbridge at al, 1951) failed to indicate a fibrillar
structure.

Ultrathin sections of ligamentum nuchae, 500 to

1000 A thick (Dettmer, 1956; Usuku, 1958) revealed elastin to
0

be a reticular network of beaded fibrils, 100-200 A in diameter, with no axial periodicity.
In 1949, Sale and Banga isolated an elastolytic
enzyme (elastase) from the pancrease. This enzyme was distinct
from purified trypsin or chymotrypsin (Bale and Banga, 1950). ·
Treatment ~f ligamentum nuchae with elastase was found to re. lease intertwined fibers, 2~ in diameter (Lansing at al, .1952)
or, if treated for long periods of time, to convett the insoluble fibrous material to a soluble, globular form (Bale and
Banga, 1950). Enzymatic hydrolysis of collagen-free aortic
media (Hall et al, 1955) also provided fibers after 30 minutes
treatment. After 90 minutes. treatment, 200

A fibrillar·

units

were seen; after 20 hours treatment, nothing structurally
distinct remained. Ultrathin sections of ligamentum nuchae
• subjected to elastase treatment (Yokata, 1957) revealed that
the first signs of degradation were the appearance of pit-like
depressions on the outer edge of the fibrils. With longer
· elastase treatment the fibers split longitudinally into fine
( fibri~a composed of beaded chains.
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The electronmicroscopists gradually separated into
two camps on the issue of homogeneity of elastin •.

O~e

group

described elastic tissue as a homogenous system composed entirely of anastomosing, rope-like fibrils.

Studies on lung

(Woodside and Dalton, 1958), bronchiolar tunica propria
(Karrer, 1958), aorta (Ayer et al, 1958; Cox and Little, 1961;
Jensen, 1962) and ligamentum flavum epiglottis, pinnae, vocal
·.chords and renal arteries (Cox and Little, 1961) all supported
.this point of view. Whan thin films were stripped from arter-.
ial elastic lamina (Ayer and Eisenstein, 1963) even swelling,
·with dilute. formic acid failed to indicate any discernible
. multiphasic structure. A second group of electronmicroscor.pists. subscribed to the view that elastin is a multi-compo' nent system, composed of fibrils embedded in an underlying
matrix. Studies on ligamentum nuchae (Oross, 1949; Lansing
J.

t

et al, 1952; Tunbridge

'

.

~t

al, 1952; Greenlee et al, 1966) ~

0carp swim bladder (Gross, 1949), and tracheal mucosa tunica

'"·\
.''1

tptopria (Rhodin and Dahlman, 1955) all provided evidence _for

1;•: he taro g en eo us st ru ctur e of e 1as tin.

X-ray diffraction stud- .

~~es indicated, in agreement with the electronmicroscopic stud~'

.~),
,:.01

'

{ies, that elastin is a disordered, non-crystalline, fibrous
]\

~substance, in both the stretched and retracted states (Kolpak,
i.·19351 Astbury and Ball, 19391 Astbury, 19401 Cox and Little,

~~1961 ), Elastin thus appears to be a fibrillar structure
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·:.

~ compos
ed of bead-like units.
~co~nected

The fibrils seem to be inter-

at many points, producing a loosely-organized, ran-

\: dam-like structure, which exhibits great extensibility in all
directions.
·

· c. Chemistry.

Elastin is a protein.

Amino acid

. analyses (Neuman, 1949; Bowes and Kenten, 1949; Partridge and
Davis, 1955; Smith at al, 1963) indicate that elastin is about
- 25% glycine, 2'0% alanine, 15% valine, 9% leucine, and 1.5%
:hydroxyproline.
~also

Small amounts of most other amino acids are

present except for those containing sulfur.

'

,.. '" •tHO·• •,

A~out 2% of the dry weight of elastin is mucopoly-

,,accharide, but it has not been possible to remove the muco'polysaccharide except

by

hydrolysis with the elastomucase

component of elastase (Hall et al, 1952; Hall, 1953; loeven,
1960), or

by

repeated autoclaving (Gotte et al, 1963).

There

is also evidence that elastin contains small amounts of-lipid.
A weak osmophilia and light blue-black staining reaction with
Sudan black have been reported

by

lansing et al (1952), and

.lipid corresponding to 0.5% of the dry weight of elastin has
been recov~red following elastase degradation of chemically
'extracted elastin (lansing et al, 1952) and defatted elastin
(Labella, 1957).

8anga and Schuler {1953) obtained up to

12% lipid by elastase degradation.

The difficulty in separating

mucopqlysaccharides and lipids suggests that they are either
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intrafibri11ar or very tightly bound to the surface of the
·elastin fibers.

The small amounts of these compound, suggest

that th~y probably do not act as a matrix embedding the fibrous
elements and do not play an essential role in the structural
integrity of elastin.

Ayer et a1 (1958) used formic acid to

swell and split aortic elastin into fine, electronmicroscopically distinct fibrils.

~'t~e
•.

When the formic acid was neutralized

swollen fibrils shrank and reaggregated to their original

:appearance.

Wood (1954) observed that agents which disrupt

the integrity of mucopolysaccharides have negligible effects
r

upon the t~nsile strength and load-extension characteristics
of natural and purified ligamentum nuchae.

However, Banga and

.Balo (1961) demonstrated that the tensile strength of human

aorti~ strips is markedly lowered by pancreatic extracts.
Heterogeneous, elastase slightly lowered the tensile strength
·at 90% extension, but the elastomucase fraction of the enzyme
:lowered it to one-half of control at approximately the same
extension.

It is on this basis that Bange and Balo (1961)

elastin as a lipoprotein.
The chemical structure of elastin has been extenstudied by Partridge and his associates. Partridge and
Davis(1955) dissolved elastin in boiling oxalic acid.
fraction (MW 60,000-BO,OOO) and a

~btained.

~

fraction

(mw

An o<

5,500-6,000)

The amino acid composition of these fractions
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of whole fibers ware found to be vary similar, indicating
: 8

fairly homogeneous structure.

Terminal analyses on the ex.

·. and ~ fractions indicated that the fibers are probably composed
of two chains.

Stepwise enzymatic degradaiion of elastin

. (Partridge et al, 1963) yielded the usual amino acids and a
fluorescent peptide which contained up to 30% of two unknown
acids.

Complex fractionation procedures (Thomas et al,

isolated these amino acids and permitted their chemical
characterization.

The fluorescent amino acids ware determined

a substituted quarternary pyridinium compound.

The com-

was qallad dasmosine, and its isomer, isodasmosine.

Information concerning the biosynthesis of desmosines has been "
from the rupture-prone arteries of copper-deficient
(O'Dell et al, 1961) and pigs (Weissman at al, 1963).
from these arteries swells to an abno~mal
extent in water and is readily sbluble in alkali.

The amino

acid composition of this elastin exhibits up to three times the
normal lysine content (Starcher et al, 1964).

Partridge and

1966) extended these observations by injecting
rats ~ith C14 - labelled lysine.

Within 11 days, 80%

label was incorporated into the desmosines, and all of
label was found only in lysine.

Similar results

when labelled lysine was introduced into tissue
of aortic slices (Miller at al, 1964).

However,
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labelled lysine was not incorporated into the desmosines in

experimental lathyrism, induced by the.administration of
p-amino proprionitrile (O•Dell.et al, 1966). _This agent is
I

known to induce malformations of the elastic lamina, and to
decrease .the arterial content of elastin ( IYlcCallum, 1965a, b).
During the course of these studies, Partridge evolved the
view that fibrous elastin may be formed by the cross-linking

:of a soluble elastin precursor at the site of fiber growth,
probably under the influence of a copper~containing enzyme •
.· The H-shape of the desmosines, the large size resulting from
;their
configuration,
and the decreased tensile strength of
'
.

~:arteries in which desmosine synthesis is impaired all suggested
that the desmosines may function as bridges, .cross-linking
~parallel amino acid chains in elastin. Such a linkage would

,;· .

. ~: require the correct apposition of four lysine links on at
•• ·•i

;).

~least two independent peptide chains. This would give ria• to
functional units or "corpuscles," analagous. to the beads desby Yokata (1957). The theoretical enclosed volume of
corpuscular model was calculated to be 66% of total
.·molecular volume, a value which compares favorably with the
experimentally-determined 63.1% water volume of hydrated
bovine ligament~m nuchae (Partridge, 1967). The importance of
croaa-links will be considered in the following discussion of
m~chanical

properties of elastin.
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d. Mechanical Properties. 1. Thermoelastic behavior. The most striking property of elastin is its characteristic reversible, long-range deformability. This is especially
important in the case of the elastic arteries where recoil of
the wall plays an important role in maintaining an effective
perfusion pressure during diastole. The property of rubberlike elasticity is rare, and is exhibited by very few substances. These are usually termed elastomers. The properties
·of elastomers have been summarized by Baumann (1959)1
a) They exhibit rapid and long-range extensibility,
elongating .to strains of 1.0 or more.
b) They exhibit high elastic moduli and tensile
strength at maximum strains.
c) They retract ~apidly when released, often exhib• iting rebound.
d) Upon release of an elongating stress, they re.turn
: to their original dimensions. According to thermoelastic
.,ltheory,
~

typical elastomers behave as though they were composed

4of long, fairly independent polymer chains. Flexible bonds

~within
the chains, and only occasional cross-links between the
~
f,•

(chains permit rapid and extensive elongation under stress.
..

·

0Under resting conditions the polymer chains~ lie in a shortened,
~~crumpled state possessing maximum entropy. When such a system

su~jected to a stress it extends with straightening of the
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~chains;

upon removal of the stress the chains readily retract,

· resulting in a reversible elasticity. Heating elastomers in. creases the kinetic energy of the chains. This increases the
entropy and results in a further shortening of the chains
(Gough-Joule effect). Rubber, the paragon of elastomeric behavior, actually does shorten when it is heated. Rubber dif.. fers from proteins in that rubber is formed by long hydrocarbon chains with few interchain bonds, while proteins usually
possess many radicals capable of formimg weak interchain bonds.
In order to exhibit elastomeric behavior, therefore, the rad- ·
the protein structure must be neutralized by a solto reduce intarchain "friction." Rubber ie

axteneibla~

even when dry, while proteins are inextensible and brittle
· unless a solvent is present. Rubber also

cryet~llizes

upon

· stretching (Guth, 1947) and this undoubtedly underlies much of
. the extension-retraction hysteresis seen with rubber.

McCartney

• (1913) freed bovine ligamentum nuchae of much of its collagen
~,content

>.

by pepsin digestion, and subjected strips to increased

.~temp~rature.

., ~

The ligament was found to contract linearly with

increased temperature, elongating along the same line upon
It is probable that the preparation actually con-

~. tained considerable amounts of collagen because the strips were
faun~ to be perfectly reversible only up to 650, the tempera~t

which native collagen exhibits thermal retraction

,
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(Gustavson, 1956; Piez and Gross, 1960).

meyer and Ferri

(1937) and Wohlisch et al (1943) showed that untreat~d ligamentum nuchae, when 100% extended, conformed to elastomeric
theory by contracting when heated.

Because of an apparent in-

crease in internal energy when extended, meyer and Ferri concluded that crystallization took place at large extensions •
. However, Heave and Florey (1958) also studied unpurified liga-

~~: mentum nuchae, but did so· in a 30% glycol-water mixture.

This

..
imixture
was used because in this solvent the volume of the

.,

t,

·_~tissue is constant over a wide range of temperatures, thus
I,

: avoiding co~plicating changes in cross-sectional area.

Their

~data also supported the view that elastin is a typical elasto~.

~mer, but calculation of internal energy indicated that crys-

'tallization does not occur in the stretched state.

J:·

This is

lin agreement with X-ray diffraction data of stretched elastin

"f.;

1940).
The behavior of aortic elastin is also predicted by
alastomeric theory.

Lloyd at al (1948) studied strips of ox

aftet removal of collagen with formic acid.
curves were obtained in water.

For a given ex-

tension the load was 60% higher at 7SOC.than at 1soc, indicating
resistance to.distention at the higher temperature;
2. mechanical elasticity.

many studies have been

describing the mechanical properties of elastin
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preparations.

ligamentum nuchae has often been used to repre-

. sent the mechanical properties of elastic tissue.

Reuterwall

(1921) also studied the elasticity of bovine ligamentum nuchae.
He found this tissue was extensible up to about 20% of resting
length. ·His data have been converted by Burton ( 1954) to con.ventional stress-strain terms.

According to these measurements

the elastic modulus of ligamentum nuchae is about 4.0 x 107
dynes/cm 2 •

This value is higher than most other reports of

elastic tissue, and may reflect the 9% collagen present in
unpurified ligamentum nuchae.

Krafka (1939) also studied the

. length-forqe relationships for strips of ox ligamentum nuchae.
He found the elastic modulus to be about 3.0 x 10 6 dynes/cm 2 ,
and virtually linear throughout the entire extension range.
Remington (1957) di~ not find the elasticity of ligamentum to
. be linear, but ra~her that it ~regressed from 1.5 x 106

~dynes/cm 2

at

modera~e

~large exten~ions.

extensions, to 4.1 x 106 dynes/cm2 at

Agai~, the presence of small amounts of

j:collagen
may have influenced the elasticity at large ext~nsions.
.........

-

0'

j,itl

Hass(1942) extracted elastin fro~ human aortae with

1i

~88%
formic acid.
.\·;.,

The thermal-retraction of this elastic tis-

f·'

~:,":. sua was found to be ·greater than that for the intact blood

Burton (1954) recalculated Hass' data and determined

£ the

elastic modulus to be about 3.0 x 1n 6 dynes/cm 2 •
~trength

The ten-

of aortic elastin was found to be between
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1.5 to 6.7 x 10 6 dynes/cm 2 •

The fact that the tensile strength

bore no relationships to the amount of elastic tissue in multiple preparations suggests the presence of a stiff parallel
element which sustains the load at large extensions, and determines ·the tensile strength.

Presumably this parallel ale-

. ment is collagen.
Wood (1954) obtained load-extension diagrams of
~ligamentum

nuchae following a number of different treatments.

·After treatment with pancreatic elastase the preparation ex• hibited collagen-like behavior.

Interestingly, however, the

elastase-digested ligament had to be stretched to about 70%
of resting

le~gth

before showing collagen-like elasticity.

It was irreversibly extensible up to this length.

Once

}stretched to this l~ngth, however, the preparation exhibited
~the highly elastic behavior of collagen.
~at

This suggests that

normal lengths the collagen is probably slack, and offers
resistance to extension.

In

othe~

experiments liga-

nuchae was boiled in 1% acetic acid to dissolve collagen.
Hyaluronidase and calcium chloride dissolve, and may also degrade, mucopolysaccharides.

Treatment of the collagen-free

Rligament with these reagents resulted in almost no change in

~

,the elastic properties.

These data suggest that mucopoly-

.. aaccharldes associated with elastin contribute little to the
properti~s.
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Ayer et al (1958) reported that the maximum extension of formic acid extracted aortic rings was 127%, as.compared with 87% for the intact aorta.

Extension curves for

extracted rings rose steeply, then flattened out as the specimen resisted further distentions. · following an 80% extension
·of aortic rings, recoil was found to be incomplete unless un·loaded to less than initial load.

However, after treatment with

formic acid to remove all but the elastin, recoil following
extension was found to be perfect, although it required long
durations for completion.
·untreated

~ortic

Static hysteresis was present in

rings, and was observed to increase with

formic acid extraction.
In 1961, Hall and Czerkawski studied the elastic
~modulus of ligamentum nuchae as an indication of the enzymatic
·~degradation

~were
'
"

produced by elastase.

treated to remove

.

collage~

Preparations of ligament

and cut into strips.

Yourig's

~modulus of elasticity increased linearly with length, up to
·.~i

·~30% extension.

Extrapolation of their curves to zero time of

~enzymatic incubation indicates a modulus of l.l x 10 7 dynes/cm2
f:in,the natural state.

These preparations were, however,

~·

~partially dehydrated, so that their data were determined on tha
f.':·

~;basis
of a decreased cross-sectional area, and may .not truly
...\
,~

~~·ref'lact tha normal, 1rJ. ~ properties of elastin.
.. ....
liD . experiments have also been undertaken on "single"
,... ·r...

'

~···

:r·,~

~.·;,,,

.•

elastic fibers.
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Redenz(1926) teased single elastic fibers

free from bovine ligamentum nuchae.

He observed that even with

~ single fibers, 130 - 140% extensions could be produced before

breaking.

Carton at al (1962) studied single fibers from

ligamentum nuchae more quantitatively.

Cross-sectional areas

: ware not determined so moduli of elasticity were not available.
~However, load-extension curves were obtained.

These curves

~:~

findicated
that strain was an exponential of the applied load.
.
.. .

·•

i·maximum strains were found to be about 130%, although consi~ derable variability was seen.

The most unexpected observation

,:·was that si.ngle fibers were actu.ally less extensible than the
·"·

fparent strip from which they
were obtained.
.
~

Staining with

~·Masson's trichrome revealed only negligible amounts of collagen
relative to the total size of single fibers, while staining
1 of

the parent strips indicated that they contained considerable

amounts of collagen.

The presence of collagen apparently'di~

not impair the ability of the parent fibers to stretch, since
strips were found to be more extensible than single f.ibers.
These observations agree with the findings of Wood (1954) who
compared untreated ligamentum nuchae preparations with collagen-

~ree strips of ligament.

The difficulty in assessing studies

is the evaluation·of the term "single", if
a minimum material may ever be obtained which still exmechanical behavior that is representative of elastin.
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If these single fibers were truly devoid of collagen, then the
finding that the isolated fiber is less extensible than the
parent strip is most interesting.

It may be that the reason

for the difference lies in the state of the elastin before
extension, i.e.

that the single elastin fiber ia actually

'more fully retracted than the parent strips when each is in its
respective unextended state.
p~rent

It seems either that•

strip may actually be composed of a random

single elastin

fibe~s,

1) the

net~ork

of

and these are extended into a.parallel.

orientation with extension, something like that which occurs
with the pulling on the corners of a handkerchiefJ or 2) that
the elastic fibers in the unextended parent strip somehow are
partly elongated by parallel collagenous ffbers.

It is also

possible that the increase in maximum extensibility of the
single fibers might have resulted from chemical damage to the
elastin during the purification procedures.
2.
Wall.

Collagen.

a.

Collagen Content of the Arterial

The arterial wall contains significant quantitaties of

collagen.

Two methods have been employed to determine content.

In both methods the arteries

~re

dehydrated and collagen is .

. expressed in terms of percent of dry tissue weight.

Lowry at al

(1941) reported a method for determining collagen content.
They chemically removed all substances from the tissue except
colla~en

and elastin.

Boiling this tissue in dilute alkali

33
removed the collagen.

The difference between the ~ollagen-plus

elastin and the remaining elastin was used as a measur~ of
collagen content.

Using this method, Lowry et al (1941) found

that the collagen content of the aortae of both man and rat
amounts to 28 to 31% by dry weight.

Myers and Lang (1946)

used the same methods on the thoracic aortae of humans of
ious ages.

var~

The collagen content varied from 12 to 24% in-

creasing with age.

faber and Moller-Hou (1952) also used these

methods to determine the collagen content of adventitia-free
human aortae at different ages.
· collagen

a~

Normal aortae contained 20%

age 20, and this value rose to 35% at age 80.

· Hypertensive aortae showed more collagen and less elastin at
~

each age than normal aortae. Particularly interesting was the

.

fact that the increase in cdlagen exactly accounted for the
·decrease in elastin, providing circumstantial supp~rt for the
hypothesis of Burton e~ al (1955) that collagen and elastin
may be interconverted.
A second method of collagen determination was de. vised by Neuman and Logan (1950).

It was based on the fact

.:'.that collagen is one of the few animal proteins which contains
:appreciable amounts (13%) of hydroxyproline.
~:

. metric

Use of a colori-

hydroxyproline method indicated that the collagen con-

tent of rat and beef aorta was about 24% by dry weight.
found to be only 16% collagen.

Pig

Harkness et al (1957)
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used hydroxyproline analysis to determine collagen content of
manY large arteries in the dog.
about three times as

Collagen was found to be
as elastin in most arteries.

plentif~l

In the thoracic aorta it was present in amounts equal to elastin.

Ebel and Fountaine (1964)

used the method ~f hydroxy-

proline analysis to· determine collagen content of bovine aortae
at various ages.

The collagen content of aortae at age 2 was

33% of dry weight, while the aortae of older animals contained
40%.

Apter at al (~966) have used both histological and hy-

droxyproline analyses in determining the collagen content of
dog aortae~

About 15% of dry weight was collagen in all re-

. gions of t.he thoracic aorta.
abd~minal

aorta.

This value rose to 22% in the

These data agree qualitatively with the

findings of Harkness et al (1957).

finally, fischer and

Llaurado (1966) found slightly higher values for collagen content of various systemic arteries.

Hydroxyproline analyses

were also used •. The ascending aorta was found to contain only
.. 19.6% collage~.
~nd

Abdominal aorta, mesenteric, coronary,

renal~

carotid arteries contained 36 to 50% collagen.

studies, the same authors (1967) rendered dogs hyper..;. tensiva by wrapping one kidney for pari'ods up to six weeks.
~ Arteries obtained from these hypertensive dog~ exhibited about

10% lass collagen than vessels obtained from normal control
(animals.
~-~

'

It is clear frGm the above studie$ that the collagen
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content of arteries is about 20 to 40%, increasing with age.
It is also evident that, even in the same animal, ~he collagen.
content varies from one artery to the next; it is lowest in
the thoracic aorta,. and tends to be higher as one proceeds
toward the periphery.

Collagen forms a significant percentage

·of the arterial wall, and may influence its mechanical properties.
~

If the collagen fibrils were in an extended state under

normal conditions they would impart great stiffness; if they
were in a slack
not be manifest.

sta~e

their potential inextensibility would

Morphological studies by Wolinsky and Glagov

(1962) ind~cate that the appearance of medial collagen changes
from wavy lines at low pressure to smooth straight lines when
.art~ries

are distended with pressures of up to 200 mm Hg.

Adventitial collagen, however, remains somewhat wavy even at
. these high pressures.
b.

Morphological Appearance.

Light microscope

.· studies of collagen indicated that collagen was composed of

f\ bundles of fibers.· Electronmicro.scopic studies showed that
..~these fibers.are composed of finer fibrils. Early electron-.~.

'

fmicroscopic studies of collagen were reported by Schmitt et al

~

~(1942) using unstained material derive~ from skin.

~preparations
r 640
f·

ban~s

with a

~ period •. These bands consisted Of a succession of dense

I,(A) a~d light
.

showed that collagen exhibits axial

Their

.

(a). bands in the axial direction.

The Ught banda
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ware about four times the length of the dark bands, and appeared
to be more extensible because when extended the relative pro. portion of the period occupied by the 8 band increased more
than the A band.
,Wolpers (1948) used osmic acid as a fixative and a
·.stain.

In these preparations two dense bands and one light

band per period ware found.

Six intrapariod bands were ob-

;88rved by Nutting and 8orasky (1948) and by Schmitt and Gross
• (1948) using· phosphotungstic acid stain and platinum and
chromium shadowing.

These bands do not appear to be arti-

' factual bec.ause ultrathin sections of collagen fibrils from
~the lamina. propria of the frog eye show the same ~ix bands
. I

within the interband, and these appear uniformly across

'.

ds~veral fibrils (Rhodin and Dalham, 1955; Wasserman er al,
;!

;1957).
~on

~

"\

e-1

Unlike elastin, the electronmicroscope observations

collagen
have been largely uncontroversial, and
.

repeat~dly

/:.substantiated.
Wide angle X-ray diffraction studies have also been
on collagen fibrils.

Astbury (1940) observed an

appreciable sharpening of the pattern when the fiber was
. stretched, but did not notice any change in the spacings.
·Ramachandran and Kartha (1955) interpreted this sharpening
of the pattern as an indication that the individual fibrils
n~t

aligned parallel to one another in the retracted state,
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describe an angle with the fiber axis.

Stretching was

thought to bring the fibrils parallel.
Low angle X-ray diffraction studies were performed
Sear {1942) who obtained a large number of reflections, all

•.

~of which were higher orders of a fundamental spacing of 640 ~.
~

.

· The~.e values agree with the observations of the electronmicroIn dry fibers the long spacing increases in pro,portion to mechanical extension, up to about 10%, at which
length a dry fiber breaks.

Upon hydration the long spacing

{Boulduan and Bear, 1950, 1951; Cowan at al, ~c~~

c. Chemistry.

The chemical composition of collagen

been studied extensively.

Bowes and Kenten (1949) and

Eastoe {1955) have published tables summarizing the amino acid
About one-third of the total number of amino acid
·residues are glycine.
~rm

Proline and hydroxyproline together

about two-ninths of the total, while alanine forms

approximately one-ninth.
·a

abo~t

The content of the polar residues

two-ninths, while the remainder is composed of neu-

1 residues.

The model of collagen structure which is most

erally accepted is that of Ramachandran and Kartha {1954,
deduced from wide angle X-ray diffraction studies. This
consists of three helices running beside one another and
by interchain hydrogen bonds between NH and

CO~

.
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stability of the intact molecule is believed to derive
interchain hydrogen bonds.

Breakage of these hydrogen

believed to occur with heating, resulting in thermal
contraction.

Repeating'of the structure after every 216 ~esi

dues has been calculated to form a 618 ~ period, essentially
;. agreeing with the 640

K banding

:and X-ray diffraction studies.

observed in electronmicroscope
The helices form a triple

•I,

~~helix,
·'
~·

they are coiled, not only around one another, but

i .e.

iall
three chains are also coiled around a central axis. A
..
'
~ spiral structure is supported by hollow, tubular structures
·;·seen
in electronmicrophotographs
of cross-sections of collagen
.
.
1(Kennedy, 1955).

According to Banga (1966), the presence of

·;double bonds along two-thirds the length of the collagen chain
):

'
~is
,,1:;

the source of restricted mobility.

;i coupled
~bonds,
jl',

.

These double bonds,

with the presence of add! tiona! interchain hydrogen
are probably the reason for the rigid, inextensibility
'

'~I;·

:;;of collagen.
',\~

d.

mechanical Properties.

1.

Thermoelastic be-

~havior.
A characteristic property of collagen is that, upon
~(
~.heating (60-65°C for native collagen-. Gustavson, 1956; Piez and

'*

.Gross, 1960) the fiber contracts to one-third its original
This property differs from the thermal contraction of
in that with collagen .ft. !a: irreversible.

The typical

disappear following thermal shrinkage, and are
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not·restored by cooling (Bear, 1942).

foliowing heating, the

·.banded appearance is lost and the shrunken fibers are susceptible to chemical and enzymatic proteolysis (Bange, 1966).
An interesting observation (Verzar, 1956), is that the load
~necessary:

to prevent thermal contraction increases with age.
2.

: \.

~.collagenous

'

Mechanical Elasticity.

The elastic modulus of

tendons has been determined.

Reuterwall (1921)

'

~:.. .

load-extension data for various human muscle tendons •
..;,reported
..
' Burton (1954) used these data to determine that the elastic
• modulus of tendons is about 1 x 10 9 dynes/cm2.

Krafka (1939)

·reported the incremental elastic modulus of collagenous tendons

·~to be 3.0 .x 107 dynes/cm2.
~sion

Verzar (1956) reported load-exten-

data for collagenous rat tail tendon with a
•' 2

of .15 mm •

cross-section~

Because the extensions are very small,

\one may assume a constant cross-sectional area, and then con{.vert his load-extension data into elastic moduli.
;

I·

'

~.tension

At 2% ex-

the incremental modulus equals 2.9 x 10 9 dynes/cm2;

at 4% extension it equals 5.8.x 10 9 dynes/cm 2 • . A stress-strain
·curve of collagenous tendons published by Remington ( 1957)
indicates an elastic modulus of B.3 x 107 dynes/cm2.
(1951) loaded thin strips teased from rabbit tendon.
were loaded with weights, frozen with dry ice, and prefor electronmicroscopic study while under constant load.
The axial period was observed to increase greatly, in a few
much as 7000 ~. · In other cases, fib~rs were ob-
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served to have ruptured.

the load in these experiments was

unspecified, and. the histological preparation perhaps harsh;
the. observation of ruptured fibers attests to the possibility
that extension beyond the yield point had been induced.

On~:~~

·must be skeptical of the meaning of these experiments without
proof of reversibility, because extensions of 1000 times the
axial period far exceed the fa~ percent observed in all of the.
whole-tissue studies.
I

Skin is composed of a network of collagenous fibers.
Conabere and Hall (1946) determined the Young's modulus in
Ualues of 1 x 10 10 dynes/cm 2

dry, tanned,leather fibers.

were observed over the liriear portions of the· stress-strain
curves.

The fibers also showed some irreversible extension

fullowing the first loading.

Hall (1951a) loaded wet fibers

from ox ski·n for long periods of time.

The rate. of extension

occurred rapidly at first, and then proceeded slowly with '
additional time.
. collagen fibers.

Morgan (1960) studied raw and tanned skin
Various tanning processes altered the load-

1BXtension curves, usually increasing the elasticity over un-

~treated fibers~
~\extension

curves, gradually
.

~~xtensions.
:~·

Untanned fibers gave almost linear load-

inc~easing

in stiffneis with large

The structure of skin differs from that of tendon.

skin a loose, network-like arrangement of fibers is found,
compared with tendons, in which densely-packed collagen

~

I
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J:

fibers are found.

lJ of skin.

This may account for some of the alinearity

Hall (1951b) obtained stre~s-strain curves on sim-

·~

f ilar preparations obtained from ox skin, and also recorded

,L:
r

the cross-sectional area.

The elastic modulus was found to

•· vary, without regard to extension, between 7 x 10 9
1.8 x 10 10 dynas/cm2.

and

Calculation of the work of extension

was found to be virtually constant over a pH range of 4 to 11.
Recently the Glasgow biomedical engineering group(Gibson at al, 1965; Kenedi et al, 1965) has·reported mechanical studies on skin.

Their stress-strain curves show a

gradually rising slope at low strains, and steep, virtually
·} linear slope at higher strains.
~

Histological analyses of

the preparations fixed at various degrees of strain indicated
that the gradually increasing portion of the stress-strain
curves correlated with an increasingly parallel alignment
of fibers in the collagenous network. At very low strains
these fibers were random in their orientation. Elastic fibare also present, and appear to be interconnected with
collagen fibers. Calculation of an incremental elastic
modulus from the slope of the linear portion of their stress. strain curves gives a value of approximately 2.9 x 10 8 dynes/
value is undoubtedly influenced by the presence
elastin and other non-collagenous materials.

~~ontr~ction-deformation curves show hysteresis with extension

.
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exhibiting greater loads than retraction at each strain. An
· assymetric network model was developed incorporat.t.ng a recruitment phenomenon0to account for the alinearity of the
stress-strain

c~rves.

Cartilage is composed of a well-ordered combination
: of collagen fibers and ground substance. Hirsch (1944) present~
ed the load compression data on rib cartilage of Rauber and
Triepel who found elasticity values of

.a

to 1.5 x 10 8 dynes/

cm2. Hirsch's (1944) studies on femoral condyle failed to
provide original, unstressed dimensions, and therefore did not
permit calculation of elastic properties in exact terms.

Howeve~~ Hirsch (1944) did note that an index of elasticity
increased with increasing strains. He also observed that the
preparations exhibited delayed recovery of strains when the
stress was· removed. This delay persisted even after 30 minutes •
. ·Although cartilage is not purely collagen, it does reflect the
;. elasticity of collagen, 'Bnd even more important, it reflects
r~the properties .of two constituents of the arterial wall.
:

1~1

; !''~

~·

The tensile strength of collagen .is very high. Bader

h(1963) presented the data of Wohlisch, du Mesmil de Aochemont,

;.;.. and Gerschler who studied tendon and ligamentum nuchae. These

~~:·

~. authors found the tensile strngth of tendon to be 6. 6 x 1o8

'dynes/cm 2 •
yj

Q:;.
~·

Althoug~·this

value is low compared with other

repor~ed values for the elastic modulus of tendon, it is about
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25 times as high as the same authors reported for elastin.

Mitton and Morgan (1960) found the breaking load of vegetable. tanned leather fibers was 1 - 5 x 10 9 dynes/cm2. A breaking
. stress of 5 x 10 9 dynes/cm 2 was also reported by Harkness ( 1961).
.,The resistance of collagen to fracture following
. (lexion has also been investigated. Mit ton and Morgan ( 1960)
~ ~und

~was
;

the breaking load of vegetable-tanned collagen fibers ·

reduced after repeated flexion. IVIaeser (1944) observed

~·that

when. leather is flexed it becomes more plastic, and tends

=to crack along the line of flex. Cater and Kanagy (1954) also
~subjected ~eather to a flex test by sliding it over rollers

.

-;'arranged to produce flexion of between 90° and 180°. A nearly
~straight-line

jl

relationship between axial load, and the log of

~~

Ytime before cracking was found. Increased temperature decreased
, the time before cracking occurred. This suggested to the authors
·~

.~:that flexure-degradation was probably the result of flowing,
and ultimately fracture, of the individual fibers. ratigue due·
.. to flexure is probably not a serious consideration in the concylindrical arterial wall.
The mechanical properties of collagen- the high
modulus and the high tensile strength- play an importrole in maintaining the integrity.of the arterial wall.
The histological observations of Bader and Kappel (1958) and
and Glagov (1964) indicate that a significant percent··
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of the arterial collagen is slack at moderate vessel distentions; at 100% distention or more, medial collagen is almost
entirely extended. Studies on human iliac arteries before and
after trypsin hydrolysis of elastin (Roach and Burton, 1957)
showed that enzymic removal of elastin shifts the tensionstrain curve to the left. The final slope of the tensionstrain curve of the untreated vessel was virtually identical
with that of the vessel composed predominantly of collagen •
. This is strong evidence for the parallel arrangement of collagen and elastin with one another. If collagen were in series
.with other .elements within the wall, then destruction of any
.of these elements would

unde~mine

the integrity of the wall.

3. Ground Substance. a. Content of the arterial wall.
··several studies have been reported concerning the arterial
· ground substance. Analyses indicate that bovine (Berenson,

j 195~) and human (Gore and Larkey, 1960) ao~tic ground sub~tance
~is largely mucopolysaccharide. This represents 1.3% of the dry·
tissue weight; in sclerotic arteries it represents 2.5%
(Buddeke, 1960). Bertelsen and Jensen (1960) examined aortae·
from human subjects of neonatal age through age 90. The
ground substance contained both hyaluronic acid and sulfated
mucopolysaccharides. Fetal and newborn aortae contained hyaluronic acid as the major component. With aging, the sulfated.
,~copolysaccharide
.

~

.

content of the intima and media increased
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age

so.

Similar findings were reported by Kaplan and

(1960).
/

b.

Mechanic~!

Properties. Studies on the mechanical

properties of synovial fluid (Chain and Duthie, 1939; Davies,

z 19 44), and its major component, hyaluronic acid (Balazs and
Laurent, 1951) revealed that· these substances exhibit viscosities that are 5 to 300 times that of water, increasing with
hyaluronic acid concentration. Although studies on the mechanproperties of arteries following hyaluronidase treatment
not been reported, it seems probable that the viscosity
of the

gro~nd

substance may influence the time-dependent

~ehavior of the arterial wall. In retracted vessels the alas-

markedly corrugated. The transition between
and the straightened condition requires the
to flow around, and perhaps through the
in the elastic lamina. Moreover, at small

r~dii

in dimension occur per unit change in pressure.
'

seams likely, therefore, that the viscosity contributed
the wall by the ground substance would be most evident at
small dimensions. The energy required to overcome this viscous
resistance may also contribute to pressure-diameter or loadhysteresis.

c. ·cellular

Components of the Arterial Wall.

• Endothelium. r. Circumstantial evidence suggests that ' · ..

.
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the endothelial cells secrete elastin. Pease and Paule (1960),
using phosphotungstic acid staining, observed 200 ~ elastinlike units scattered in the arterial ground substance between
the endothelium and the internal elastic lamina. fyfe and
Gillman (1964) observed fine, orcein-staining beads at the site
.eventually to be occupied by the internal elastic lamina in the
11-20 day old mouse aorta. With increasing age the beads ap- ·
peared to fuse into larger masses, progressing from inner to .
· outer lamina. Because of the location of the elastin beads,
both Pease and Paule (1960) and fyfe and Gillman (1964) concluded that the endothelium may secrete elastin. The product. ion of elastin or an elastin precursor is an indirect, but
important, contribution to the elastic properties of the arterial wall.
Burton (1954) pointed out that the capillary endodoes not require great intrinsic strength because'the
tcapillary radius is so small. Since the cylindrical wall of
kcapillaries
is subject to the law of Laplace, the circumfer:. \
'antial.distending force is equal to the product of the pressure
'!t

~~,-.:2o~~to

~·lin

~"
:\:t:i

40 mm Hg, and the radius radius- 4 to 5 IJ• However,

large arteries, both the pressure and radius are much

~>.greater.

tf'. :

fung at al {196b) indirectly assessed the elasticity
capillaries by determining the elastic modulus of

capillary~
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free regions of rabbit mesentery subjected to a torsional
stress. The elastic modulus was taken
environment of

cap~llaries

QS

an indication of the

in other regions

~f

mesentery which

do contain capillaries. The authors then calculated the elastic
properties of the capillary endothelium ifa a) a liquid-filled
endothelial cell was assumed; and, if b) a gel-filled endothelial cell was assumed. A liquid will shear under stress, so
in the case of a liquid-filled cell, the entire resistance to
·,

i

deformation must reside in the membrane. The calculated elastic
modulus of the membrane of such a liquid-filled cell was about
100 times

~hat

of the published values (Bergel, 1961) for the

.•Wf\..!1

·. eeH as a .whole. Because of this obvious disparity, the authors

the hypothesis that the cells are liquid-filled.
·Instead, they tentatively. accepted the hypothesis that endothelial cells behave as a membrane-enclosed gel. Since the
}:

.

:; .surrounding mesentery is also 'a gel, the authors suggested that
~-

'the microcirculation might be viewed, in terms of mechanical

. properties, as a set of tunnels in a continuous, gelatinous
If the composition and orientation of the components of the mesentery and endothelial cell are similar,
the gelatinous capillary wall
resem~le

mu~t

th~n

manifest mechanical proper-

those measured for the surrounding mesen-

elastic modulus of the mesentery was round to be
commencing at about 3.0 x 10 6 dynes/cm 2 at minimum
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strains, and rising convex to the extension axis. If it is
further assumed that the capillary and large arterial endo.•

thelium are comparable, then it may be concluded that the elastic properties of the large artery endotheliu"l ~ .2.!• resemble the elastic properties of the arterial wall as a whole
·(using the arterial data of Serge!, 1961). A complication in
. this comparison is the fact that both

th.~roperties

and the

degree of strain o~ individual cells of the arterial endothelium may differ from those of the capillary endothelium. The
alinearity of the elasticity curve makes the degree of strain
. a relevant ,consideration. In any case, inspection of the wall
of large arteries indicates that the endothelium represents a
• small percentage of

cro~s-sectional

area. It is probable,

:' therefore,
that the influence of the mechanical properties of
.
• the endothelium, whatever they are, is not very great.
2. ribroblasts. ribroblast cells are found in the

~·arterial
wall, mostly in the adventitia. The~e cells are be..

.)

'{

~lieved to be responsible for the manufacture of collagen and

:ground substance. Light microscope studies of subcutaneous

!1'

~tissues

in tissue culture (Bloom and Sandstrom, 1935) and in

J1. haaling

wounds in

~:;·.

~

(Stearns, 1940) reveal that reticular

~

~fibers appear only.at the outer surface of invading fibroblast&

Elactronmicroscopic studies (Porter and Vanamee, 1949;

.Yardl~y at al, 1960) also show that these fibers appear only
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8 ~tracellularly. They also indicate that these fibers exhibit
typical banded appearance of collagen.

/

Histological studies have also demonstrated that
trr i tation. of tissues with turpentine (Gersh and Catchpole,
1949) or q~artz dust (Curran, 1953) causes ~ gathering of
.fibroblasts and a proliferation of a material which resembles
ground substance.

T~is

material stains Hale-positive, indicat-

the presence of ground substance, and this staining react-.
is abolished if the tissue is pretreated with

hyal~ron

idase (Curran, 1953; Grossfield et al, 1955). finally, autondiograph~c

studies indicate that fibroblasts incorporate

so 4 into sulfated mucopolysaccharides (Curran and Kennedy,
Kennedy, 1960).
. No experiments to evaluate the mechanical properties
of fibroblasts have been reported, but the absence of intra~llular

fibrous elements suggests that these cells do not

exhibit collagen-like resistance to deformation. The ability
f fibzblasts to rapidly migrate to sites of tissue damage

to their deformability. The viscostty of the cells
unknown. If fibroblasts secrete the constituents of
ground substance in monomeric form, then it is not likely
at the cells exhibit great viscosity. In any case, fibreendothelial cells, represent a small percentage
arterial wall. Their great influence on arterial

so
elasticity is undoubtedly an indirect one, ie., by the secretion of the connective tissue components.
3. Smooth muscle. a •. Morphological Appearance and
· Contractile Proteins. Electronmicroscopic studies of various
mammalian smooth muscles indicate the presence of bundles of
filaments, usually, but not always, oriented parallel to the
long axis of the cells. These bundles do not show the banding
or alternating dark and light regions seen in skeletal muscle.
Myofilaments of two diameters have been described (Weinstein
an"d Ralph, 1951; Needham and Schoenberg, 1964; Lane,1965)
but all of these authors differ as to the diameters observed •
. They do agree,

~owever,

that at least one filament is about

'the size of actin. Panner and Honig (1967) studied ultrathin
sections of smooth muscle. They found only one size of fila; ment, about 40 ft in diameter, and argued that previous re:ports of multiple size filaments may have resulted from s~per;1.'

~imposition of filaments in thicker sections. X-ray diffract~

f

!~on
studies on dried, wet, relaxed, contracted and glycerol
,',.
extracted smooth muscle (Elliott, 1964, 1966) also showed re•.
inactions similar to those obtained from x-ray diffraction
of suspensions of extracted actin {Astbury at al,

·Studies have been undertaken on the longitudinal
of mouse jejunum in various stages of contraction
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, (Lane, 1965). With increasing degrees of contraction the individual muscle cells gradually changed from an elon9atad,
/

spindle shape to a more rounded, ellipsoid configuration. The
·cells also exhibited invaginations of the membrane at the
regions of the membrane in contact with the myofilaments •
. Such attachment regions have also been described in arterial
fsmooth muscle (Pease and Molinari, 1960). Presumably the in...._··

1vaginations of the plasma membrane of jejunal smooth muscle
~

fcells reported by Lane (1965) result from shortening forces
~~

;exerted by the myofilaments. The attachment areas and the
associated ,regions of membrane deformation were not restricted
,exclusively to the poles of the cells.
rrequent, irregularly-spaced dense bodies in the
cytoplasm have been noted (Schoenberg, 1958; Prosser et al,
. 1960; hanson and lowy, 1961~ Rhodin, 1962; lane, 1965; Panner

and Honig, 1967).

These dense bodies appear to be attach~ent

actin filaments and exhibit stellate radiations of
actin in electronmicropbotographs of homogenized, fixed,
stained smooth muscle material (panner and Honig, 1967).
These auth~rs noted that strong internal forces must be present
in the dense body-actin complex in order for it to withstand
They suggested as others had, that the dense

'~Odies may be homologous to the Z-line structure found in
skele~al muscle~

Such a view is very attractive, but it is
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ssible that the dense bodies observed in intact cells and in
.
pre parations of homogenates are not identical; those obtained
/
rro m homogenates may be the result of random polymerization of
Studies on contractile filaments have ~een performed

on h omogenat~s of smooth muscles (Hanson :and Lowy, 1964;
~egg at al, 1965~ Panner and Honig, 1967).

Thick filaments

corresponding to myosin have never been observed in these
However, Hanson.:and·Lowy (1964) were able to
ate myosin-like structures from the.supernatant of ultracentrifuged pregnant uterus.

A rod-and-ball structure, similar

that described for synthetic skeletal muscle myosin
was found.

Panner and Honig (1967) combined

gizzard smooth muscle homogenates with rabbit skeletal
H-meromyosin.

The synthetic acto-H-meromyosin that

lted gave the appearance of smooth muscle actin with small
aments projecting diagonally outward in the form of arrowThese arrowheads appeared to be parallel over most of
length of actin.

They were 30-50

Rwide

and 450

Rlong.

· sufficient H-meromyosin was present, the actin was virtua~ly
vered with these parallel arrowheads.·

Similar structures,

relatively few arrowheads, were also observed in homogenof smooth muscle to which no skeletal muscle extracts·
added.

These experiments indicate that smooth muscle
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actin can, and probably does, combine with H-meromyosin.

It

also suggests, in spite of electronmicroscopic and /X-ray
diffraction data, that smooth muscle probably does contain a
protein which gives myosin-like reactions.

Needham and

Williams (1963) were able to combine smooth muscle actin with
skeletalmuscle myosin, and a myosin-like protein from smooth
muscle with actin obtained from skeletal muscle.

Both of

these combinations gave. viscous, actomyosin-like reactions.
It may be concluded from these various lines of evidence that
myosin is present in smooth muscle, but exists in a disaggre-

"
gated, per~aps soluble form (Ruegg
et al, 1965; Penner and
Honig, 1967).
In order to separate actin and myosin from skeletal
muscle, Huxley(1963) found it necessary to chelate calcium
and provide high concentrations of ATP and magnesium.

By

contrast, Panner ~nd Honig (1967) were able to isolate actin
·. from smooth muscle homogenates with just a puffer solution,
~ even in the presence of low concentrations of calcium.

It

appears, therefore, that actin-myosin bonds in smooth muscle
: are more easily broken than those in skeletal muscle.

,.•

0

·~·.

Correlated with this view are the reports of
·Needham and Schoenberg (1964) that uterine actomyosin exhibits ·
only about one-tenth the ATPase activity of skeletal muscle
actom.yosin.

Similarly, low calc~um-ATPase activities were

54

Barany at al (1966) ~or chicken gizzard myosin.
~-aver,

following trypsin treatment to obtain H- and L-meroboth uterine (Needham and Schoenberg, 1964) and gizzard

·(saranY et al, 1966) acto-H-meromyosin ATPase activity was
greatly increased, approaching that of skeletal muscle.

Bohr

. et al (1962) studied the ATPase activity of proteins extracted
carotid artery media in .600 potassium chloride solThe ATPase activity of this preparation was also
be lower than that extracted from skeletal muscle.

It

apparent, however, that some of the protein was bound to
the

insolub~e

-~owed

portion of the extract because this portion

considerable ATPase activity.

Gaspar-Godfroid (1964)

also extracted bovine carotid artery proteins, but in .05 M
~tassium

chloride.

The protein extracted at this ionic

strength showed ATPase activity equivalent to that of skeletal

tilo et al (1963) found that actomyosin extracted
hog carotid arteries in .05 M potassium chloride exhibited
of the typical properties of skeletal muscle actomyosin&
1)superprecipitation;
~a

addition of ATP;

2) reversible viscosity changes with
3) ATPase activity which was influenced

by calcium, magnesium, and ionic strength.

However, unmodified

extracted arterial actomyosin exhibited high solubility and
n~t

show superprecipitation.

It was the investigators'
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opinion that this high solubility was the result of either a
eduction in bound calcium, or the pre$ence of an unusually
r
/
effective solubilizing factor •. Addition of calcium chloride
permitted superprecipitation, suggesting that the calcium
chloride somehow inactivated or saturated the proposed relaxing
factor.

A similar opinion was offered by Briggs (1963) to

explain the high solubility of uterine actomyosin.

The obser-

vation that trypsin hydrolysis greatly increases myosin-ATPase
activity (Needham and Schoenberg, 1964; Barany et al, 1966)
suggests that L-meromyosin might be the locus of such a solubilizing factor.

A different interpretation has been offered

'by Laszt (1961) and Hamoir and Laszt (1962), who isolated
· contractile proteins from arterial. and· uterine smooth muscle
at low ionic strengths.

According to these authors, two

~proteins are present in smooth muscle;

.,-.myosin, and a unique "tonomyosin ".

·the usual actin and

This protein is believed

to be soluble under normal ionic conditions, but is thought to.
precipitate ~s "insoluble tonoacto~yosin" with elevated
intracellular potass.ium concentrations.

According to the

authors, intracellular precipitation of tonoactomyosin underlies tonic contr~ctions.

Conti at al (1964) held strips of

bovine carotid artery under constant loads, treated them with
I

BO mM potassium chloride and prepared them for electronmicroPublishe9 microphotographs supposedly show a network
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like array of intracellular .filaments, and decreased area of
the contracted cells.

Electrical stimulation or epinephrine
/

/

treatment caused shortening, but failed to produce the formation
of a network, or decreased muscle cell area.

According to

Laszt (1964), syneresis resulting from the precipitation of
the soluble actomyosin is the cause of the reduction in cell
cross-sectional area.

However, neither the electronmicro-

photographs nor Laszt's measurements of small changes in
cross-sectional area and density are very convincing.

Further-

more, Schoenberg at al (1966) treated extracted bovine carotid
tonoactomy~sin

with ATP to form an insoluble superprecipitate.

Excellent .electronmicrophotographs of the preparation showed
only actin-size filaments.
The present status of knowledge of smooth muscle
contractile proteins is best

su~marized

by saying that actin

is fibrousi soluble and electronmicroscopically discernible,
while myosin or a myosin-like protein may exist in a dis. aggregated form.
b. Membrane and Coupling Phenomena.

The develop-

ment of microelectrodes has permitted the measurement of
resting membrane potentials in vascular smooth muscle.

Intra- ·

cellular recordings of smooth muscle in _large elastic arteries

r

reveal a resting potential of abo1,1t -40 mV in turtfe aorta

i

I

(Rodd~e, 1962), -49 MV in sheep carotid artery (Keatinge, 1964)
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_ 52 mV in rabbit pulmonary artery (Su at al, 1966; Bevan
19~6).

These may be contrasted with oscillating

potentials of veins, some arterioles and visc~ral
The mean resting membrane potential in taenia coli is
1954; Holman, 1958).

These values are con-

siderably lower than the resting potential for skeletal musSome of this difference may be attributed to the presence
different intracellular ion concentrations in smooth and
skeletal muscle.

Intestinal muscle (Barr, 1959), taenia coli

(Durbin and Monson, 1961), and frog stomach muscle (Armstrong,
1964) have been shown to contain higher intracellular concan-

.

trations of sodium, and lower intracellular concentrations of
t~ssium, than skeletal muscle (Conway, 1~57).

However,

the resting membrane potential cannot be fully accounted for
the existing concentration gradients, because the resting
.11embrane potential is about 20 mV less than predicted by .the
at-Goldman equation (Goodford and Hermansen, 1961).

Both

(1961) and Goodford and Hermansen (1961)

rate of labelled sodium flux is extremely
gh, the half-time for 95% transfer is only about 30 seconds.
Kuriyama (1963) studied the influence of altered extracellular
ium, potassium and chloride concentrations on the resting
rane potential in taenia coli.

The curve relating the log·

external potassium concentration to the resting membrane
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potential exhibited a slope of only 38 mV per ten fold change
in potassium concentration.

This may be compared wJth the

44 mV per ten fold change in potassium concentration in skeletal muscle fibers observed by Ling and Gerard (1950).

When

non-penetrating tris+ was used to replace extracellular sodium,
Kuriyama found a slope of 44mV per ten fold change in extracellular potasslum concentration.

Kuriyama interpreted these

results as an·indication of greater sodium permeability in
smooth muscle than in skeletal muscle.

Still unresolved,

however, is the question of whether the resting membrane
. fluctuations
. cause, or are themselves caused by the alterations
in membrane permeability.

Although the smooth muscle of large

·· arteries does not exhibit oscillating membrane potentials, it
does exhibit a lower resting membrane potential than skeletal
muscle and nerve.

It may be surmised that this is correlated

. with intracellular concentrations of potassium and sodium'
; . which differ from those found in skeletal muscle.
i~permeabilities
,-.i·i!

Increased
.

.

to these ions may also exist, but re6ording

·~of membrane potentials during experimental manipulation of ion
concentrations has not been performed in smooth muscle.
Action potentials have been recorded from smooth
cells.

Bulb~ing (1954) demonstrated, in taenia coli,

;that stretch was associated with an increase in action potentia
and an increased contractile tension.

Action poten-
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tial frequency correlated better with tension than with length,
because following stretch, the increased electrical,activity
/

declined as the tension declined in spite of continued elongation.

It wotild therefore appear that the contractile element

is coupled in series with an element which, when stressed, can
·alter ion movements into and out of the cell.

A likely candi-

:· date for this role might be the membrane itself~
Keatinge (1964, 1966a,b) has recorded a slight hypo-

t·

2polarization of sheep carotid artery smooth muscle in response
,JI'

~to sympathetic nerve stimulation or.the application of con-

,,,.

, ·,\·.stricter drugs.

Only occasionally were actual spikes recorded.

~Su at al (1964) similarly recorded strong contractions from

:rabbit pulmonary artery strips with little or no change in

:~,

i:::

~membrane

s:t

'\

potential following sympathetic nerve stimulation or

'•

treatment with norepinephrine.

Both hypopolarization and

mechanical contraction were seen following treatment with high
concentrations of potassium chloride.

Evans et al (1958) re-

,corded the membrane activity of taenia coli.

Continuous de-

polarization was observed when the tissue was bathed in potasor Ringers solution in which the sodium had been
;replaced with potassium.

Neither stretching nor electrical

stimulation of this tissue elicited mechanical contractions,
·but application of acetylcholine resulted in prompt, reversible
Waugh (1962) bathed perfused mesenteric arteries

'

.
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'!·.

in potassium sulfate solutions.

Although membrane potentials

were.not recorded it was presumed that depolarization.had
/

taken place.

Treatment of these preparations with epinephrine

gave typical contractile responses.

Unlike other innervated

arteries, non-innervated umbilical artery (Davignon et al,
1965) showed strong contractions in response to stretch.

Con-

traction could also be elicited by trjatment with angiotensin
or serotonin.

Response to angiotensin

was gradually depressed

by tachyphylaxis, and response eo serotonin was blocked by
However, myogenic responses could still be

phenoxybenzamine.

· elicited under these conditions of unresponsiveness.

Evidently,

these responses are mediated by separate mechanisms.
A number of studies on smooth muscle have demonstrated
a mixed population of cells.
I

Intracellularly applied currents

· in taenia coli (Kuriyama and Tomita, 1965) and vas deferens
·.(Bennett, 1967) demonstrated two classes of cells.

One group

.:exhibited action potentials in response to depolarizing curLrsnts, while the other group exhibited only electrotonus.
passively responding cells were about three times as numeras the

a~tive

cells.

In the case of the vas deferens,

. hypogastric nerve stimulation gave similar results.
·:~.\

~.

Intra-

cellular recordings of 13rteriolar smooth muscle ( f"unaki, 1961)

\j~

also showed two populations; one group of cells exhibited spon:taneous electrical activity, and the other was persistently

I
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polarized at the resting level.

Siggens and Berman (1967)

also reported intracellular microelectrode studies,on arteri/

alar smooth muscle.

.

Stimulation of vasomotor nerves caused

mechanical contraction in all arterioles studied, but caused
the development of an action potential in only 25 of the 103
arteriolar cells studied.
sm~oth

.

It.appears, therefore, that in

muscle, electrical activity may be an important inter-

vening step, as in the contraction which occurs in response to
stretch.

However, it may also be entirely bypassed, as in the

contractile response to neurohumoral agents.
~andow (1966) has summarized the currant concept of

excitation-contraction coupling in skeletal muscle.

Once ini-

tiated, membrane depolarization radiates inward along the Ttubules, depolarizing the lateral cisterna of the sarcoplasmic
' reticulum.

This structure releases ionic calcium, an agent

·which greatly facilitates the polymerization of actin and
, myosin.
.'

following the induction of contraction, ionic calcium

is re-bound, curtailing its facilitatory action on actomyosin.

~ The agent responsible for this re-binding process has been
i\i

~

~termed "relaxing factor".

;,,,

'

It is carried out by a vesicular

'fraction of the sarcoplasmic reticulum (Muscatello et al, 1962)
'•

fwhich is probably manufactured by the sarcoplasmic reticulum
.(Briggs and fuchs, 1960).

Recently Lee et al (1966) demon-

~·
strated that the calcium-binding capacity of suspensions of
~·
!- •.
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sarcopla~mic reticulum is briefly and reversibly inhibited by

the passing of an electric current through the sus,.Pension.
Palmer and Posey (1967) showed that the introduction of sodium
ions also inhibits the calcium-binding capacity of sarcoplasmic
reticulum suspensions, and studies with labelled calcium revealed an actual

re~ease

of bound calcium.

While the excitation-contraction process is now
well established for skeletal muscle, the mechanisms of .activation of contractile proteins in smooth muscle are poorly
understood.

Electronmicroscopic studies of smooth muscle in-

dicate tha~ only a rudimentary sarcoplasmic reticulum exists.
(Mark, 1956).

Electro-mechanical latency is too brief in

skeletal.muscle to be accounted for by diffusion of calcium
from the membrane to the contractile proteins.

However, the

~long latency in smooth muscle can readily be explained by such

\diffusion (Peachey and Porter, 1959).

Where smooth muscle

, subserves rapid movements, as in the swimming motions of
amphioxus, the contractile system has been found to be laid
:.. out in flat, thin sheets, 1

JJ

thick.: and closely apposed to

membrane (Peachey and Porter, 1959).
Although diffusion of ionic calci~m or other actl-

~ vation substances may account for activation of mechanical
. contraction in smooth muscle, the location of the relaxing
factor remains to be determined.

filo at al (1963) suggested
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that the relaxing factor in carotid arterial smooth muscle
may be firmly bound to the contractile protein itself, so
/

firmly in fact, that it is apparently extracted with the protein.

Briggs (1963) came to the same conclusion in his studies

on uterine muscle.

The nature of the relaxing factor in smooth

muscle is unknown.
Normal energy production in taenia coli can be inhibited by exposure to metabolic inhibitors (Bulbring and
Lullman, 1957) or, to a glucos~-free medium (Axelsson and
Bulbring, 1961).

Such inhibition was found to cause a marked

increase in membrane action potential frequency and a transient
-~

increase in tension followed by a gradual decline in contractile
tension.

These effects were prevented if the taenia coli was

bathed in a calcium-rich medium (Bulbring and Kuriyama, 1963).
The authors ·suggested that a decrease in metabolic energy may
permit a release of bound calcium from the membrane, and _that
this in turn permits increased permeability to sodium and

pot~

assium ions; elevated calcium in the extracellular fluid would
thus replace unbound, lost calcium, maintaining normal permea- bilities and sufficient calcium levels to sustain contractile
mechanics.

These experiments suggest that the cell membrane

itself may be the important site of calcium-binding, as was
suggested earlier for neurogenic contractions of smooth muscle.
The protein-bound relaxing factor of fila at al (1963) and

·
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Briggs (1963) may be a separate relaxing factor; it may be the
ATPase-inhibi tor uncovered by Needham and Schoenberg <)964)
c. Mechanical Properties.

1.

Active tension.

smooth muscle contraction differs from that of skeletal muscle
in several respects.

Both the stimulus-response latency and

the duration of tension development are many times longer for
smooth muscle than the

~omparabla

events for skeletal muscle.

Smooth muscle also exhibits a slow increase in contractile
. tension.

In smooth muscles of Holothuria (Hill, 1926) quick

stretches and quick releases revealed that the speed of
'traction is only 1/100 that of frog skeletal muscle.
~f

con~

The fall

the tension to the level characteristic for the new length

was vary similar in its time course to_..... the rise in tension produced by the stretch.

In smooth

muscl~

of Mytilus (Abbott and

lowy, 1953) electrical stimulation evoked contractions as slow
as 1/40 to 1/20 the valoci ty of frog skeletal muscle.
~these
~

In·

and other species (Pecten and Helix- Bozler, 1936)

':smooth muscle contraction consists of a slow, gradual increase
(in tension followed by a prolonged, assymptotic decline in

~tension.
f
\

The contractile phase of this response
may be elicited
.
.
.
by electrical or chemical stimulation or by· stretch (Bulbring,

:1954).

If the muscle is spontaneously active, stretch may in-

,hibit contractile tension.

However, myogenic responses to

are not sean in multi-unit smooth muscles such as those·
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of the carotid artery or nictitating membrane (Burnstock and
Prosser'· 1960).

Similarly, Mosan and Burton ( 1966) , found no
/

increase in oxygen consumption in segments of dog femoral
arteries subjected to circumferential stretch.
The assymptotic decline which follows the tension
increase has been analyzed by a number of investigators.
Bozler (1936) noted that the time course of the decline following an isometric contraction almost exactly parallels the
tension·decline following an elongation-induced tension
'crease.

in~

Abbott and Lowy (1958a) reinvestigated this compari-

son with mqre sensitive apparatus, and concluded, contrary to
Bozler, that these reflect fundamentally different events.
Zatzman et al (1954) studied the time course of stretch-induced
stress relaxation of arteries.

These authors attributed the

viscous fall in tension to the muscle component of the wall
/
.
because it was most prevalent in arteries containing large
.

amounts of the muscle, and because it was largely abolished
in arteries in which the muscle was presumed inactive after
heating.
The active force developed by striated muscle increases with length, reaches a maximum at an ideal length, and
declines with further elongation.

This phe,nomenon is believed

to result from the number of actin-myosin bonds that are formed,
and this is believed to depend upon the longitudinal overlap .
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and the axial proximity of actin and myosin filaments (Huxley
.ob1g60). In length-tension studies, Evans and Hill .(1914)
./'
served that the amount of heat produced by contracting skel0

etal muscle closely paralleied the tension that was developed.
ThiS indicates that the length-active tension relationship

reflects some underlying force-producing process, and is not
just the result of changes in the efficiency or force vector
of the contractile system. Contractile tension has been correlated with sarcomere length in skeletal

~uscle

(Carlson et

al, 1961) and cardiac muscle (Spiro et al, 1964), but in
smooth

mus~le

no Z-lines are present and no distinct sarco-

meres can .be defined.

In spite of the absence of these struc-

tures, there are several reports that smooth muscle exhibits
a length-tension curve which resembles the length-tension
curve for skeletal and cardiac muscle.
Winton (1926) systematically extended dog retractor
penis muscle to various lengths.

Electrical stimulation at

each length produced discrete isometric contractions.

fhe

,·.length-tension curve obtained by this procedure resembled the
·~length-tension relationship recorded for skeletal muscle,

·. but exhibited maximum active tension at very long lengths,
corresponding to strains of 3.5.
Hampel (1934) stimulated cat nictitating membrane

· 1D. situ with electrical stimulation and with intravenous in-
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jections of epinephrine.

Length-tension curves were obtained

at various stages during extension,

an~

during release.

Peak

/

active tensions were found to shift accordin9 to the procedure.
Active tensions recorded during extension occurred at short
lengths,-and were of greater strength than those recorded during
·release of extension. The strength of contraction was about
11.5 grams, but the cross-sectional area was not determined.
Csapo (1954) electrically stimulated uterine muscle
in vitro. A broad peak active tension was recorded which
·-approximately
corresponded to the length of the tissue at rest.
The actual .tension developed depended upon hormonal conditions
.Abbott and Lowy (1953, 1958a) recorded contractile
properties of Mytilus and Helix smooth muscles.

When stimu-

lated electrically, these.tissues exhibited length-tension
with peak-active tension occurring at very long lengths.

The

active tension described a rather flat curve with a very
rounded peak.

The entire curve was shifted if the muscles

were extended overnight between successive stimulations.
active stresses ranged from 0.5 to ·4.5 Kg/cm 2 •

Peak

In another

paper, Abbott and Lowy (1958b) noted that the force-velocity
diagram for these molluscan muscles could be approximated by
Hill's load-velocity equation for skeletal muscle.
Winton (1926) obtained !n yitro ~ength-tension
curves for pregnant guinea pig uterus muscle stimulated with
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pituitary extract.

The tissue was stretched, treated with the

hormone, then washed before further extension.

The

a~tive
/

length-tension
8

curv~

obtained from this preparation exhibited

peak at a strain of about 4.0.
Brocklehurst (1926) recorded a length-tension

: curve for cat ileal muscle.

The intestinal segment was per-

.mitted to relax and then was stimulated to ·contract with histamine.

Tensions as high as 200 gm were recorded, but cross-

sectional areas were not given.

The drug was then washed out·

and the tissue segment was extended.

Data obtained by these

experimenters gave two length-tension diagrams.

When the

tissue was stimulated at successively shorter lengths a peak
was obtained at very large strains,

When the tissue was

. stimulated at successively. longer lengths, a peak was obtained
at very low strains.

The directional difference was explained

on the basis of viscosity and the possibiliti of stretching of
non-muscular elements in the intestine, but neither explanation
· was developed.
Ducret (1931) studied the influence of initial load
active tension developed by epinephrine-treated rings of
'f.

mesenteric ar.tery. · Ducret found that the drug-treated ring

~.developed

a maximum of 1.5 gm active tension per quarter mm2

of cross-section of smooth muscle.

The dimensions were ob-

~ tained from measurements of histological sections and therefore

I
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of limited applicability to unfixed, hydrated vessels.
Ducret reported his data in terms of initial load,
~8

/

load can be alinearly related to length.

Maximum contrac-

tensions were found when the tissue was initially loaded
2 grams before epinephrine treatment.
Speden(1960) obtained length-tension diagr~ms of
strips cut from sheep mesenteric

ar~eries.

Contraction

•as induced by treating the strips with norepinephrine.
~ak

A

active tension of 3.0 gm was observed at a strain of 1.25.

Cross-sectional areas were not determined.
~parks and Bohr (1962) studied strips cut from dog

esenteric arteries.

Contraction was elicited by either electisstie strips,· or treating them with Bpi-

Peak active tensions were recorded at lengths that
138% above the length at which resting tension initially appeared.

Maximum active tensions ranged from 0.9.to

Hinke and Wilson (1962) studied the blood flow
an isolated, cannulated 550
~sistance,

~

rat tail artery.

The

and therefore the radius, was calculated from the

pressure gradient and flow of Krebs-Henseleit solution.
.
Length-tension diagrams were obtained under resting conditions
,•

~d. during perfusion
with norepinephrine.
.

Active tension
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curVes were obtained which showed no peak, but rose monotonically.

If the pressure was elevated in constricted vessels,
/

the arteries maintained theii constricted size, describing
a virtually infinite elastic modulus.
Apter (1966) obtained length-tension curves for
rings of pulmonary artery treated with Ringer solution, neesynephrine and later with a chelating agent.

The difference

',,

between the tension following administ~ation of Ringer solution
and EOTA provided an active tension curve which was very flat
and with little peak.

maximum tension

was~out

10 grams.

When the s~me ring was treated with neosynephrine, a steep,
monotonic~

unpeaked curve was obtained.

These curves were

plotted from data acquired by extending the arterial segment.
Lundholm and Mohme-Lundholm (1966) cut mesenteric
arteries longitudinally and rolled the tissue out into flat
sheets.

The longitudinally cut edges were mounted in plastic

holders and extended as strips under load.

A. length-tension

diagram was obtained by extending or releasing the specimen,
treating it with epinephrine, washing this out, and then
changing the length.

The specimens were also studied in the

untreated state, and following treatment with monoiodoacetic
acid.

The thickness of the specimen was measured with calipers.

maximum contractile tension was found to be 2000 gm/cm2.

t
·~''

'

~·

•.·~I
~

0

71

Uchida at al (1967) studied mesenteric and cerebral
arteries as small as 50 to 250

U

diameter using the Jonstant-

floW perfusion technique of Hinke and Wilson (1962).
of

norepineph~ine

sistance~,

Addition

to the perfusate caused an increase in re-

The magnitude of the resistance increment increased

with a rise in perfusion pressure up to 25 mm Hg.

It remained

unchanged in the 25-60 mm Hg pressure range, and then decreased
with higher pressures.
2.

Resting tension and tone.

Bozler (1936) stud-

ied the resting tension of smooth muscles of the snail by
recording

stretch-ind~ced

.

stress relaxation over a wide range

·of lengths. The static stre~s achieved following relaxation
was plotted as a function of length. It may be that this parameter is more residual tone than resting tension. However,
Bozler found the familiar resting tension hyperbola, but it
was very flat, steepening only at strains of almost 4.0. The
significance of this curve as a plot of. resting tension is
difficult to assess. Tha concept of "resting length", as it is
used with respect to skeletal muscle, is virtually without
meaning when it is applied to tremendously extensible smooth
muscle. The classical picture for skeletal muscle (Carlson
at al, 1961) is that resting tension does not appear until the
resting length 1e:excesdsd. Cardiac papillary muscle (Spiro
at al, 1964), on the other hand exhibits resting tension at
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1engths well below that at which maximum contractile tension
iS developed. Smooth muscle develops negligible resting ten//

s1on until extraordinary strains are achieved, but it is at
these very great strains that the peak in active tension is
encountered. This implies that the contractile system may be
· involved in the

app~rant

"resting" tension.

Resting tension of mammalian smooth muscle is difncult to evaluate because this tissue is inevitably su~rounded
by large amounts of connective tissue. from a functional point

of view it is reasonable to consider the resting tension of
·the tissue.as a whole. This is actually what was done to obtain
the resting tension in skeletal muscle. If this approach is
taken with mammalian smooth muscle, length-resting tension
characteristics will probably be obtained which closely rethe load-extension diagrams of elastin and collagen.
One characteristic of smooth muscle is its ability
·~resist

distention for long periods of time. Winton (1926).

stated that "skeletal muscles are often described as function-

\ally isometric, while unstriated organs approach more closely

1 ...

~ isotonic conditions". Although the maintenance of tone

requires metabolic energy, it does not demand the amount of
~ergy requ±redtforephasicueootra9~ion.

Carbohydrate depletion

· or inhibition of carbohydrate metabolism by anoxia or metabolic
. Poisoning·in longitudinal muscle 6f rabbit intestine
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(Neukirch and Rona, 1912; Prasad, 1935; furchgott and Schorr,
1946) and isolated rings of carotid artery (Sudhof, 1950)
resulted in decreased smooth muscle tone.

/

However, maintained

tone in the adductor muscles of bivalve molluscs (Conheim and
vonUexkull, 1911) and uterus, vagina and intestine of rabbit,
Guinea pig and cat (Evans, 1923) caused no increase in oxygen
consumption.

Bulbring (1953) reported similar results for the

oxygen consumption of both isometric and isotonic contractions
of guinea pig taenia coli.

Similarly, Parker (1922) reported

that the quantity of carbon dioxide released by day-long, tonid
contractio~s

of the sea anemone was not augmented, except for

a 25% increase at the onset of contraction.

Lundholm and

Mohme-Lundholm (1962) have reported similar findings for arterial strips during epinephrine-induced isotonic shortening.
After the initial rise in tension, energy production fell to
precontraction levels, in spite of the persistence of isotonic
tone~

Lundholm and Mohme-Lundholm (1965) also found that dur- ·

ing the tension-increasing phase of epinephrine-induced isometric contractions of arterial strips, the energy utilized
was 3 to 4 times that of the subsequent phase of sustained
· elevated tension.

ATP, ADP and creatine phosphate have bean

measured in iodoacetate•traated carotid arterial strips

(Daeme~s-Lambert and Roland, 1967).

A 20-second phasic con-

traction consumed .35 ~M ATP/gm of carotid tissue, while a

.

.
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tonic contraction maintained for l minute consumed .22 pM

ATP/gm/minute.

These studies also showed that

~asic con-

tractions consume m~ch more energy per unit time than tonic
contractions.

Lundholm and Mohme-Lundholm (1960) observed

that agents such as histamine and barium ion increase th~ tone
of arterial strips with no increase in oxygen except during
the.initial phase of tension increase.

However, if the pre-

parations were first depleted of energy stores then neither
histamine nor barium would increase ~ne.

It thus appears

that two distinct processes are involved in the development
and maintainance of tone.

The first is clearly an energy-

consuming contractile response, and the second appears to be
a passive, holding mechanism.
Three general hypotheses have been presented to
explain tone.

One hypothesis views tone as the product of a

passive "ratchet" mechanism, arranged in parallel with th~
contractile elements (Cohnheim and von Uexkull, 1911).

A

secohd hypothesis views tone as the product of reversible crys:ta11inization of a muscle protein that ia distinct from acto. myosin.

Johnson (1962) proposed that this function may be

. fulfilled by paramyosin, arranged in parallel with phasically
;contracting elements in molluscan smooth muscle.
hypothesis views tone as

8

A third

sustained polymerization of actin

myosin, due either to a decrease in available ATP (Bozler,
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1957), or perhaps to a slow-acting relaxing factor.

A de-

crease in available ATP probably can be ruled out a-' a possibility because energy depletion in smooth muscle results, not
in rigor, but in flaccid relaxation (MacWilliam, 1902).
slow-acting relaxing factor has yet to be evaluated.

A

In line

: with this possibility is the suggestion of Lowy and Millman
(1959) that a low rate constant of actin-myosin depolymerization might be the factor underlying tone.

Finally, the

possibility that different or even multiple mechanisms may
Dperate in different smooth muscles must also be considered.

D. Mechanical
E~rly

Vessels.
ies were

of Arteries.

1.

Relaxed

studies on the mechanical properties of arter-

d~scriptive

considerations.

Ptopertie~

and largely concerned with pathological

Roy (1880), Israel (1886) and Herringham and

. Will~ (1904) employed strips cut from arteries, usually from
the aorta.

When these preparations were extended with weights,

it was noted by all of these experimenters that the greatest
amount of lengthening occurred with the addition of weights
to unextended arterial tissue.

When weights of the same

magnitude were added to extended arteries, decreasing incre. ments of extension were observed.

Roy and Israel also noted

that transverse strips were less extensible than longitudinal
strips.

Poletbnow ( 1868) and Herringham and Wills ( 1904) cor-

related the presence of sclerotic lesions with decreased
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extensibility.
Marey (1880), Roy (1880), Grunmach (1888), MaclAiilliam,
/

(1904), Strasburger (1907), Bramwell et al (1923b), and Hurthle
(1923) performed pressure-volume experiments on excised cylindrical arterial segments.

fluid was injected into these vas-

. sels and the pressure developed at each level of capacity was
noted.

This method more nearly resembled

1a

~

conditions,

and the results obtained confirmed the findings of studies
on strips that distensibility decreases with extension.
Bramwell et al (19Z3a) compressed the arms of living humans
with a pressure cuff to control distal transmural pressures.
Arterial pulse wave velocities were measured at various levels
of compression permitting calculation of extensibility by
application of a modified form of the Moens-Korteweg equation.
The results of these studies also showed that extensibility
decreases with increased transmural pressures.
One of the first systematic analyses of the tensibil_ity of arteries was presented by Reuterwall (1921) who performed load-extension studies on strips of arteries, ligamentum
nuchae and collagenous tendons.
of the

art~rial

Because of the biphasic nature

extensibility curve,.Reuterwall suggested that

the elastin and collagen of the wall might be arranged in parallel, the elastin bearing the load at moderate extensions,
and the collagen bearing the load at larger extensions.
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Reuterwall also described histological observations which rathat collagen was "curled" or slack in retracted vas/

ssls•

Light and electronmicroscopic studies of vessels which

were systematically fixed at various distending pressures
(Wolinsky al)d Glagov, 1964), supported .these early histological
observations.

Krafka (1939) extended the analysis of vessel

distensibility in noting that the elastic moduli of strips of
~~rtae (1.5 to 1.9 x 106 dynes/cm 2 ) were consistently lower than

that of elastin-rich ligamentum nuchae (about 4 x 106 dynes/cm2).
. This observation lad Krafka to conclude that a network arrange-

ment of elastin must exist within the walls of arteries.

When

vessels were permitted to putrefy to remove elastin and any
active muscle that might be present, a general rise in the
astic modulus was sean at all loads.
verified

a disintegration

of collagen.

Histological inspection

of elastin and a relative persistence

In some experiments on unputrefied vessels, ·

.. Krafka separated the intact aorta into media and

adventitia~

At 100 gm load, the elastic modulus of'tha media was just less
than the modulus of the intact artery; at the same load the
·elastic modulus of the adventitia was 15 times greater than
the intact artery.

The adventitia is rich in collagen.

···Correlation between the presence of much collagen and a high
modulus of the adventitia supported the interpretation
was predominantly collagen that was bearing the load

~llowing putrefaction of the intact vassal.

Krafka also
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an important methodological approach by using an
incremental elastic modulus in place of the standard Y)lung 1 s
, 1110 dulus

of elasticity.

An incremental modulus is actually a

serie~ of approximations of the slope of a curvilinear stress_..

strain curve.
~single

This is a counterpart of Young's modulus, a

value describing the slope of a linear stress-strain

f: curve.
Remington et al (1945) repeated Krafka's putrefaction
rexperiments on isolated segments of aorta.

After 15 days of

putrefaction, pressure-volume curves throughout the pressure
:range paralleled those encountered at large extensions, i.e.
, resembled those apparently dominated by collagen.

After 22

vessel easily ruptured, and histological inspection
revealed that little intact collagen remained.

Stress-strain

thoracic aorta published by Remington (1957)
moduli of 1.7 x 106 dynes/cm2 to strains ~f
After putrefaction, the elastic modulus of this had
to 8.6 x 10 5 dynes/cm2.

An even more elegant experi-

this type was performed by Roach and Burton (1957).
se authors treated segments of human iliac arteries with
unpurified trypsin to remove elastin, or formic acid to remove
~llagen and other materials.

Franchini and DeRobertis (1951)

had previously demonstrated in electronmicroscopic studies
that. trypsin does not hydrolyze collagen.

Roach and Burton
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determined the tangential tension ( the product of pressure
and radius) at each elongation in treated and untreated sag/

ments of human iliac artery subjected to volume distention.
The slope of the tension-elongation curve throughout the distensibility range, following treatment with formic acid, paralleled the slope of the tension-elongation curve of untreated
vessels at

~mall

to moderate distentions.

After treatment

with trypsin, the slope of the tension-elongation curve
throughout the distensibility range paralleled the slope of the
untreated vessels at large distentions.

These data provide

convincing .evidence that the elastic characteristics of normal,
relaxed vessels result from an interaction of elastin and collagan.

Elastin dominates at low extensions, and collagen

dominates at higher extensions.

£vidence for the role of

collagen also derives from studies on the influence of age on
arteries.

Many studies have indicated that the elasticity of

human arteries increases with age (Roy, 1880; Herringham and
Wills, 1904; Vater and Birkland, 1930; Wilens, 1937; Hallock
and Benson, 1937) ~

Roach and Burton ( 1959) correlated the

tension-strain curves and histology of human iliac arteries
patients

or

different ages.

or

The majority of histologically-

defined collagen fibers in young arterias·ware stretched only
at large strains, and the strain at which the majority were
stretched became progressively smaller with age.

The strain

80

et which stiffening of tension-strain curve occurred also
Shifted,

correlating with the histological data.

The aortae
/

of rats (Hums, 1939) and rabbits (Saxton, 1942) show a decline
in elasticity with age.

It would be of interest to repeat

(1959) comparison of mechanical behavior and
histological appearance of the arteries of these animals.
The apparently parallel arrangement of elastin and
should set the limits of minimum and maximum elastIt might be predicted that the elasticity of the intact
would never be as high as pure collagen, as exemplified
and would never be as low as pure elastin, as examligamentum nuchae.

the first prediction has been

verified, but the second prediction has not been found (Krafka,
When the fibers are predominantly in a stretched state .
~e elastic modulus of the w~ole arterial wall should be

than that of elastin, but still less than collagen.
because the elastin represents a portion of the crosstiona! area which is less elastic than collagen.
tensions collagen is apparently slack.
analysis

At low

This greatly com-

for it is difficult to assess the in-

population of collagen fibers in various stages
"slackness".

If the collagen fibers are predominantly in
I

alack state then the elastic modulus of the whole tissue
Uld b~ less th~n that exhibited by the elastin component
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alone.

In this condition the slack collagen fibers offer

little resistance to distention.

Because the elastic modulus
/

relates stress to strain, the increased

~passive~

crass-sec-

tional area resulting from slack, and therefore extensible,
ribera should reduce the elastic modulus to a level

~llagen

below that of pure elastin.

This appears to be the case

,·

; (Krafka, 1939) but retraction of the elastin network into a
_-;~-

~random

orientation at extremely small strains renders assess-

,·

"
of the influence of elastin and collagen almost impassible.
{ment
any case, these strains never occur in life.
Thermoelastic analyses of the i'ntact arterial wall
:.·;also have .been performed.

Ray ( 1880) placed a thermocouple

isolated aortic strips and coated this preparation with oil
prevent drying.
·~

When the load an extended strips was re-

.

\duced,
the strips retracted, and exhibited a decrease in
,.,
;;,·

~temperature~

when the strips were reextended, the temperature

Lawtan(1954) measured the retractive farce generated
by

aortic strips subjected to changes in temperature.

~lmast
~d

An

linear relationship was found between the temperature

the retractive farce exerted.

The slopes of these curves

equal far circumferential, diagonal and
.longitudinal strips.

Calculations indicated that the retractile

largely entropic, increasing greatly at retracted
Internal energy, an indication of crystallization,
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was found to remain essentially constant throughout the extensibility range, just as Hoeve and tlorey (1958). had found
/

/

for ligamentum nuchae.

Identical entropic energy-to-length

characteristics were found for intact aortic strips, and for
aortic elastin extracted with alkali.

This reaffirms the view

that much of the behavior of the arteries may be accounted
for by elastin.

A marked increase in entropy found upon re-

traction of both the aorta and the extracted elastin suggests
that retraction is correlated with configurational changes,
as the elastin gradually assumes a more and more random orientation.

The fact that strips cut at all angles from the aorta

showed equal entropic energies suggests that the elastin in
the wall also exhibits equivalent properties in all directions.
The many

!n vitro studies performed on arterial

strips and rings suffer from a failure to maintain appropriate
geometry.

When an artery is excised, it retracts to 60-70%

of its in situ length (McDonald, 1960).

When this retraction

occurs the wall thickens, the intramural structures are reoriented and are permitted, perhaps, to retract into a slack
These unnatural .conditions do not represent

!a. .!ll.i.!:!

conditions, and the mechanical behavior obtained under sucih
· conditions probably does not reflect the mechanical properties
of the same arteries !.D. ill.!:!,.

Learoyd and Taylor (1966)

arteries extended to various lengths, beginning with
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the excised, unextended length.

A typical curvilinear cir-

cumferential elastic modulus was obtained.

This shifted

gradually as the artery was elongated in steps.

/

A progress-

ively increasing stiffness was observed at each radius as the
artery was elongated.
It might appear that the ideal location in which to
study arteries is

!n

~.

Such studies have been undertaken

on living dogs (Lawton, 1957; Peterson et al, 1960; Patel et al,
1960; Remington, 1962) and humans (Greenfield et al, 1965).
However, .!.!:!. ~ conditions are unsatisfactory for studying
mechanical properties of arteries because of the incessant
pressure pulsations.

These oscillations preclude the possibili

. of the artery ever achieving a static equilibrium state.
Estimates of elasticity are also complicated by the effects of
viscosit~, by the accelerated mass of the wall, and by the

many factors present which may influence smooth muscle activity.
·In spite of these shortcomings, ill ~ studies do indicate
that the conduit arteries exhibit small changes in dimension.
diameter increases 2 to

B%

over the course of the

cardiac cycle, changing in phase with the pressure pulse.
changes are in the order of 1%, and these may occur
either in phase or 180° out of phase with the diameter changes.
Berge! (1961) has described the only systematic

!n

study on the properties of arteries performed under con'ditions of appropriate geometry.

Dog aortae, femoral, carotid
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and iliac arteries were excised and studied in air, at

in

~

• length.· The vessels were inflated from 40 to 240 ~ Hg, while
the diameter was simultaneously measured with a photoelectric
device.

Incremental elastic moduli were calculated from

these pressure-diameter data.

At low extensions, values of

about 1.0 x 10 6 dynes/cm2 we~e observed.

The elasticity

rosa slightly with moderate extension, and then rose more and
mora steeply, but without a sharp inflection.

Elastic moduli.

·of 12.0 to 16.0 x 10 6 dynes/cm2 were observed at extensions
· produced by 240 mm Hg pressure.

The state of the smooth muscle

in these arteries was unknown, but presumably it was relaxed.
2. Influence of Smooth Muscle on Mechanical Proper~,, ties of Arteries.
'

a.

Shortening Behavior.

It has been ob-

.:·served that activation of vascular smooth muscle causes a
·'decrease in the diameter of conduit arteries..
,.

This has been

. reported where contraction was produced by direct stimulation

~of

...''~'

peripheral sympathetic nerves (Davis, 1964; Keatinge, 1966b),

~-

fby hypothalamic stimulation (Weckman, 1960), by reflexes ini-

~ated by interruption Qf normal carotid sinus afferent nerve
activity (Wiggers an~ Wegria), 1938; Garova and Gero, 1967),
?by
'/

reflexes initiated by decreased environmental temperature

~(Haddy at al, 1957b) and by injections of catacholaminas
(Haddy et ~1,.1957a). Keatinge (1966b) found that stimulation
cervical sympathetic nerves caused a reduction in the dia-
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meter of the common carotid artery to 60-70% of control.
Davia (1964) studied the outflow from a cannulate~di~ital
artery in-dogs.

He reported that sympathetic nerve stimulation

caused a complete cessation of digital artery blood flow in
1 out of 12 animals.

Haddy at al (1957b) cannulated lateral

··branches of larg·e and small arteries, and large and small

.

veins in intact, innervated dog limbs.
with arterial blood from a constant

flo~

The limb was supplied.
pump.

The authors

observed a general increase in resistance following injection
of pressor agents.

The large arteries contributed to the rise

· iri resistan.ce, but failed to maintain constriction for as long
·as the smaller vascular segments.·
Length-tension curves have been obtained in vitro
from studies on rings (Duerst, 1931) and strips (Speden, 1960;
Lundholm and Mohme-·lundholm, 1966) cu·t from mesenteric arteries,
. and from perfusion experiments on small arteries (Hinke a~d
~i·.

~lson,

~nephrine

:.~.:

1962; Uchida et al, 1967).

Epinephrine and norepi-

were used to stimulate the smooth muscle in these
These studies were discussed in the section consider-

. ,1ng the active tension of smooth muscle.

Burton (1951) has

constricting influence of contracting smooth
According to Burton's analysis, the walls of arteries
maintain

~quilibrium

in.a purely passive state because of

restraining forceof the connective tissue.

He calls this
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• II
"elast i c t ens1on~·

Additional stress, provided by active

smooth muscle, upsets this equilibrium and causes.J
in diameter.

de~rease

A decrease in diameter further increases the

disequilibrium and leads, ultimately, to complete closure of the
artery. , Complete closure does not occur in large

arteri~s,

.he reasons; because of the large amount of connective tissue
present, which somehow prevents excessive constriction. Al- ·
though never stated as such, this would mean that the length
of corinective tissue elements under zero net stress would be
greater than would be found with zero transmural pressure.

In

other words, active energy must be required to compress the
'

connective tissue elements down to·obliterate the. lumen.
point has aever been evaluated.

This

Many pharmacological studies

on arterial strips and rings have shown that addition of strong
doses of epinephrine and norepinephrine causes shortening and
thus mimic vasoconstriction.

Barbour(1912a,b,) reported that

epinephrine produced strong contraction only on transversely. cut strips; longitudinally-cut strips exhibited only slight
contraction •. 1!!. ill.1!, studies on isolated segments of dog aorta
~(Alexander, 1953) indicate that local application of epinephrine

causes contraction.

Marked constriction was observed at pres-

sures below 100 mm Hg, but little constriction was seen above
that pressure.

This appears to be at variance with the many

:.observations of peak active tensions at very long lengths;
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b. Distensibility.

Active arterial constriction is

an important function of smooth muscle, but alterations of
/

arterial resistance to distention may be even more important.
wezler and Boger (1936) assessed the distensibility of arteries

--

in vivo by means of measuring the pulse wave velocity, using

the Bramwell and Hill expression relating pulse wave velocity

. to pressure-volume distensibility.

Injections of epinephrine

increased arterial distensibility.

Wiggers and Wegria (1938)

recorded the diameter
. of the thoracic aorta in living dogs •
Bilateral carotid occlusion produced an increase in arterial
. pressure wh.ich caused a passive increase in the diameter of the
aorta.

Subsequently, however, a secondary decrease in aortic

diameter was observed.

Aortic distensibility was increased

during the constricted phase.
Lawton (1957) stitched beads onto the aorta and
photographed the artery 1.!:!. ~·

Administration of norepi-

nephrine produced a marked dnc~~a~e•J:in distensibility; admin-

.

istration of acetylchpline~had just the opposite effect.
Peterson et al (1960) measured the diameter of the aorta with
a moving-core transformer.

They also found that topical appl~

cation of norepinephrine to the arterial wall produced decreased distensibility.

Patel et al (1961) measured circum-

ferential and longitudinal strains in ~ with calibrated
electrical ~aliper sewed to the outer surface of the aorta.
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These authors found that addition of norepinephrine .decreased
circumferential extensibility with little or no apparent change
in longitudinal extensibility·.

However, the longl tudinal ex-

tensibility is so small under control conditions that small
changes, might easily go undetected.

rinally, to complete all

the possible effects of norepinephrine !!!. ~. Remington (1962)
reported electrical and drug stimulation of vascular muscle, by
and large, had no effect at all on arterial distensibility.
In some of Roy's pressure-volume studies it was noted
that the greatest distensibility occurred at moderate extensions, corresponding to about 70 mm Hg pressure.

MacWilliam

(1902) and MacWilliam and Mackie (1908) interpreted this inextensibility found at low extensions as a manifestation of
smooth muscle tone.

They noted that stiffness was not seen if

the vessel was heated, frozen, treated with cyanide, ammonia
vapor, or sodium fluoride solution prior to_extension.

If

treated in this way, distention curves were not sigmoid in
shape; they were simply

mo~otonic,

rising steeply at first,

then flattening to a gradual slope.

Presumably these.treat-

ments killed the vascular muscle.
Remington at al {1945) performed putrefaction experiments on isolated arteries in vitro.

The normal pressure-val-

ume distensibility curves of aortic segments were sigmoid in
shape;

t~ey

were slightly distensible at moderate pressures,
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corresponding to normal physiological conditions.

After 72

the stiff portion of the curve encountered at low pres.

sures was abolished.

/

Histological examination indicated that

·.the smooth muscle cells were in the process of degeneration,
while elastin and collagen appeared quite normal.

Thus, from

.the results of procedures which eliminated the muscle, both
. macWilliam {1902)·and Remington came to the conclusion that
, low pressure stiffness results from the action of smooth muscle.
Landgren {1952) microscopically measured the diameter
·of the eat's ,carotid sinus in~ and in. vitro.

The carotid

sinus was separated from the circulation, filled with oxygen. ated Tyrodes solution, and.stimulated with non-oscillating intrasinus pressures.

Pressure-diameter curves generated by this

; system provided distensibility data.

Treatment with epinephrine

caused an observable reduction in the diameter of the carotid
·.sinus.

It also caused a decrease in distensibility below·lOO

:mm Hg and above 200 mm Hg pressure.

An increase in distensi-

was observed between 100 and 200 mm Hg.

Treatment with

nitrite also slightly decreased distensibility at pres-

~~sures below 100 mm Hg, and slightly increased distensibility at
\pressures between 100 and 200 mm Hg.

Although epinephrine and

,sodium nitrite had qualitatively similar effects on distensithe magnitude of these effects was two or three times
with epinephrine than with sodium nitrite.
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lu ~ pressure-volume studies were performed on
isolated·dog aorta (Alexander, l954a) and on innervat~d loops
of dog intestine (Alexander,- l954b).

Treatment with epineph-

rine caused constriction, slightly increased distensibility
with pressures up to 100 mm Hg, and markedly increased distensibility in the range of normal physiological pressures.
Carotid sinus hypotension also caused contraction and increased
distensibility, but carotid sinus hypertension caused dilation
and decreased distensibility.

Alexander observed that the ef-

fects of smooth muscle on vascular distensibility are most pronounced at low transmural pressures, and noted that it is also
·at low pressures that smooth"muscle caused the most pronounced
shortening (1953).

This agrees with the early observations of

MacWilliam (1902) that the effects of smooth muscle are most
pronounced at low pressures.

However, macWilliam had noted

that the muscle conferred decreased distensibility, not the
increase observed by Landgren (1952) and Alexander (1954a, b).
Leonard and Sarnoff (1957) studied the influence of
drug-stimulated smooth muscle contraction on the extensibility
of venous strips.

Active muscle clearly decreased extensibility

at all lengths ·of the strip.

Torrance and Shwatz (1961) excised

the lower portion of the aorta including the iliac and femoral
arteries.

These were cannulated in a few locations, and all

' other patent vessels were tied.
'.

't

The specimen was perfused in a
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sealed bath, which also served as a volume _plethysmograph.
Addition of norepinephrine to the bath caused a deprease in
total volume of the specimen, i.e. vasoconstriction, and a decrease in distensibility.
Burton (1954) considered the problem of how smooth
muscle confers decreased distensibility of the wall.

One of

the few studies on smooth muscle available at the time of
Burton's publication was that of Winton (1926).

Burton used

these data to calculated an approximate elastic modulus for
smooth muscle of about 1.0 x 105 dynes/cm2.

Reasoning that

this would not significantly increase resistance to distention,
·Burton proceeded to construct a mechanical model which connected
smooth muscle to collagen to form a mechanical amplifier.

How-

ever, in order to increase the contractile force 100 times, a
100 fold increase in shortening is required, and there is no
evidence that any kind of smooth muscle can contract to this
extent.

Fortunately, since publication of Burton's analysis,

several direct measurements of smooth muscle elasticity (Bozler,
1957) and active tension (Abbott and Lowy, l958a) have appeared.

The~e indicate that the force that can be developed by smooth
muscle is several hundred times that calculated by Burton from
Winton's data.
c.

Hysteresis.

If a tissue or tissue specimen is

subjected to a load, tho tissue will extend.

However, when the
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load is removed, the tissue usually will not return completely
to its original length.

This behavior is termed hysteresis.
/

Hysteresis is exhibited by load-induced extension and retraction of aortic rings (Remington, 1945), by pressure-volume behavior of the isolated perfused pulmonary vasculature (Sarnoff
and Berglund, 1952), by pressure-diameter behavior of the
carotid sinus (Landgren, 1952), and by 1n ~pressure-diameter
.behavior of dog aorta (Lawton, 1957; Remington, 1962).
Hysteresis has usually been explained on the basis
of internal viscosity, an apparent viscous effect caused by
structural rearrangements within the wall

(H~rdung,

'1953).

However, experimental studies on aortic rings {Remington, 1955)
indicate that the amplitude of the hystereais is not dependent
upon the rate of stretch until some critical value is

exceeded~.

This varies between specimens, but corresponds to a pressure increase of about 1 mm Hg/msec.

The amplitude of the loop appears

to be unrelated to the rate of pressure decrease.
Gate and Kimoto (1966) studied the tensions developed
by vascular strips under cyclic stretch.
hibited more hysteresis than

non~muscular

the smooth muscle mainly elevated the
.of the hysteresis loop.

Muscular vessels exvessels.

Stimulat~ng

~ension-increasing

limb

formic acid digestion of collagen de-

creased both the elastic modulus and the amplitude of the loop,
while trypsin digestion of elastin increased the elastic modulus
and maintained the

nor~al

amplitude

~f

the loop.

In further

-~
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·studies (Kimoto and Goto, 1967) an increase in the amplituda
of the hysteresis loop was observed in arteries heated over
/

50 oc, but this was not sean in arterial strips digested with
formic acid.
fr~m

It thus·appears that muscle, during extension

low strains, and collagen, at higher strains, play a

.significant role in generating arterial hysteresis under dynamic conditions.
A time-dependant phenomenon related to hysteresis
is after-stretching or "Nachdehung" (Hochrain and Singer,
1927).

This may also be referred to as creep, i.e. an increase

in strain which proceeds, over time, under a constant extending
stress.

A more subtle characteristic of creep is that the re-

straining force opposing the deforming force must be falling
in order for creep to occur.

This decline of the resisting

force is also known as stress relaxation.

Stress relaxation

~
~i

end.craep are counterpafts; the phenomenon that will be observed
depends upon whether tension or length is baing measured.

fur-

thermore, any increase in circumference of a cylinder under
constant pressure will causa an increase in stress.
Zatzman et al (1954) measured· stress relaxation in
arterial strips.

They found that arteries

whi~h

contained much

muscle (umbilical) exhibited a long time course of stress relax. etion, while arteries which contained relatively less muscle
(carotid) exhibited a much shorter time course of stress
'·
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relaxation.

Thus, blood vessel stress-relaxation, as well

as some aspects of hysteresis, correlates with th~ / presence
of smooth muscle.

.,,_

.•
·.:.·'.,

CHAPTER III

·/

MATERIALS AND METHODS
A.

Theory.

Th~ arterial wall may be represented by

.·the curved solid body illustrated in figure lA, where C denotes
the circumferential or tangential direction, L deno~es the longitudinal direction, and R denotes the radial direction.

The

mean stress and strain in each direction are considered in the
following discussion.

Stresses may be determined at a moment

when the vessel. is neither expanding nor retracting.

Under

these conditions, the forces tending to distend the vessel are
counterbalanced by equal and opposite restraining .forces which
tend to resist distention.
1.
by

Stress.

Circumferential stress may be determined

considering a vessel in such an equilibrium statea

where, f Co

= the

( 1)

distending . force in the circumferential~ dirac-

. tion, and feR = the restraining force in the circumferential
direction.

figure 18 illustrates a longitudinal section of a

Vessel at equilibrium.

force is equal to the produce of a

B~ress and.the area over which that stress is exerted.
(2)
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Thus,

fiGURE 1

96
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where,

Pr = transmural
di
L

= internal

pressure

diameter
/

=.length

I

Similarly, ·
., fcRl
fcR2
where,

. O'c

= {tTc)
= <cr-c>·

(h

X

L)

(3a)

{h

x L)

(3b)

= intramural
direction

stress in.a circumferential

h = wall thickness
L

= length

The total restraining force is equal to the sum ·of fcRl and

. rcR 2 •

.

If it is assumed that the wall thickness and length of

·the cylindrical arteriaf wall are uniform, then fcRl and fcR 2
, are equal.. Therefore,
· feR = fcRl

+

fcR 2 = 2

X

(tTc) x {h x L)

(3c)

·Substituting equations 2 and 3c for equation la
(PT) (di:

a-c

X

L) = (trc)

='Prl Cdt x Ll
2 (h X [)

X

2(h x L)

{r 1 >

= {PT>

(4a)
(4b)

h

where ri = internal radius
Longitudinal stress may be calculated in a similar
manner.

figure lD illustrates a cross-section of a vessel.

At equilibrium, distending and restraining forces are equala
(5)
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fLo = distending force in the longitudinal direction
fLR = restraining force in the longitudinal/ direction
.The distending force again may be calculated as the product of
stre~s

the longitudinal

and the area.over which that stress is

. exerted •
(6)

(7)
~L

= intramural stress in a longitudinal direction

.r 0 = external radius

.

substituting equations 6 and 7 for equation Sa
1PT) Cwr 1 2 > = (aL) (wr 0 2 ~ ~t 1 2>
p·

··T
aL =
r

x
2

0

rl

(Sa)

2

- r I2
(8b)

F"f:rra I. Ly, ,the radial stress may also be calculated
~imilar

procedure •• Figure lC illustrate~ a vessel sag-

and the forces involved.
·fRo= FRR

At equilibrium&
(9)

fRo = distending force in the radial direction

FR R

a

restraining force in the radial direction
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The transmural pressure decreases monotonically as one prograsses across the wall from inner to outer margins.
inn~r~·margin

At the

/

of the wall, the intramural stress is equal to

the intralumenal pressure; at the outer margin of the wall the
intramural stress is. equal to zero.

Therefore, the mean trans-

mural stress may be approximated asl

where,

iR

= PT = ~

PT

= mean

(PT)

(10)

transmural pressure.

O:R = mean intramural stress in radial direction
Strain.

2.

expressed

~s

e

c

Dimensional change, by convention, is '

strain, i.e. percent change in dimension.

= co
l!C =

Thus,

= 6 r:

ro

(ll)
where,

·ne

LC

= strain in the circumferential direction

l!C=

change in circumference

C 0 =~6riginal

I

circumference

6r= change in radius

r0

= original

radius ·

Mean circumference or mean radius should be used to be precise.
However, the fact that the arterial wall is extremely thin, and
r~presents only about 10% of the radius at most transmural pres-

sures, permits the calculation of strain on the basis of
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~ternal

radius.

n~gligible

This introduces only a

error.

Longitudinal and radial strains may be calculated in
/

•much the same manner 1
•!

(12)

6L· .

~

e:L .::=: L
.

0

= longitudinal

'' e:.L

4L =

ch~nge

in length

= original

L ·
0

strain

length

. and,

'~

,.

''flh·.-· .. : ,, i .. ; :,:; ..... .' i ... I
e:~. = ho

(13)
= strain in the radial direction

· 111here,

=

ch~nge

in wall thickness

= original

wall thickness

Elasticity.

3.

Stress and strain are interdepandent.

The proportionality constant relating these functions is the

· elastic modulus 1
-E

;=

(J

(14)

&

I.

. where,

'E
C1
£

= the
= the

elastic modulus in any direction
stress in that direction

= the strain in that direction

E calculated in this way is only an apptoximation of
'

elastic properties of a body in a given dimension,
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because it ignores the fact that a strain in one direction
induces stresses and strains in the remaining dir,ctions.
Consider a more

pre~ise

assessment of these relationships.

The least complex .case l.s one in which it is assumed that a
body is homogeneous and isotropic.

Homogenity means that

the elastic behavior in a given direction is uniform at every
point in the body.

for example, the elastic modulus in the

longitudinal direction would be the same, no matter where
along the length of the intact vessel the cross-section
shown in figure lC is taken.

Isotropy means that the elastic

-moduli are equal in all directions, i.e. that the elastic
moduli in .the circumferential, longitudinal, and radial
directions·are identical.

It was pointed out above that

a strain in one direction will produce stresses and strains
·in other directions as well. ·An expression relating these
interactions is Poisson•s ratio.

Poisson 1 s ratio is defined

as the ratio of percent contraction in.one direction to percent extension in a normal direction.

If this is applied to

the curved body shown in figure !A, it might be said that
Poisson 1 s ratio is the ratio of radial or longitudinal contraction to circumferential elongation.

If the material is

isovolumetric, then Poisson's ratio will be 0.5.
It is possible to calculate idealized, unidirectional
stresses for the arterial segments illustrated in figure 1.

j.

}
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Comparison between a pure circumferential stress (equation 4b)
and a pure radial stress (equation 10) reveals that the former
/

is about 10 times the latter, at most transmural pressures.
This is because the ratio of radius to wall thickness is about
10 to 1. (Hurthle, 1920; Berge!, 1959).
0

Neglecting radial stress

thus introduces only a minor error, and greatly simplifies analysis.

0

Consider, then, the two-dimensional body illustrated in

Figure 2A.

This is assumed to be

and freely distensible.
stress in the

homog~neous

and isotropic,

When this body is subjected to a pure

circu~ferential

direction, a circumferential

strain will result&

(15)

where,

~C

= strain

ac =

in a circumferential direction

stress in a circumferential direction

E = elastic modulus
If the body isoispvolumetric, the circumferential strain will'
produce a
direction.
and may be

sim~ltaneous

negative strain in the longitudinal

These interactions are illustrated in figure 28,
~xpressed&

(l6e)

riGUR~
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-V€

(/6b)

c
/

= strain, the direction indicated by
= stress, the direction indicated by
Poisson's ratio, assumed to be 0.5
= isovolumatric
body

€

where,

(]

v

E

= elastic

the subscript
the subscript
for an

modulus

If, instead, the same body is subjected to a pure
· stress in the longitudinal direction, a longitudinal strain

will result as followsc
- ol
tL - E
EL
oL
E

( 17)

= strain in the .longitudinal
= stress in the longitudinal
= elastic modulus

direction
direction

These will ca~se a simultaneous negative strain in the circumferential direction.
trigure

2c,·

These interactions are illustrated in

and may be expressed as. follows r
.I

(18a)

(lab)
,,
··-.
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e:
a
'J

= strain,
= stress,

the direction indicated by the subscript
the direction indicated by the subscript

Poisson's ratio,
- umetric
body

assumed to

o.s

/

for an isovol-

E = elastic modulus
In reality, however, it is !~possible to exert a
pure, unidirectional stress in a cylinder di~tended by trans- ·
mural

pressur~

both circumferential and longitudinal stress

. will be. produced.

In order to consider· the. multiple inter-

actions which result in ~he body shown in figure 2A, both cir·cumferential and longitudinal stresses, and their simultaneous
interactioris must be determined.

Thus, the net circumferential

strain (te:~) resulting from both circumferential and.longitudi_nal stresses may be determined by finding the sum of equations
15 and l8b.

This sum is a

t e:'

c

(19)

Similarly, the net.longitudinal strain (te:L) resulting fro~
. simultaneous longitudinal and circumferential stresses may be
determined by finding the sum of equations 17 and l6b.

(20)
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Equations 19 and 20 may then be combined to give the net circumferential and long! tudinal strains resulting bo th/froin the
direct effect of the stresses, and from the indirect effect of
the strains that are produced by these stresses.

The algebraic

operation of addition of equations 19 and 20 may be simplified

tiy multiplying both sides of

eq~ation 20 by w·befor~ adding it

to equation 19.

(21)

If this equation is applied to a thin-walled cylinder in which
~a ends are fixed, the longitudinal strain, el , is zero.

The

·net vel term is thus zero, and the remaining equation may be
~lvad

for the elastic modulus.

(22)
an isotropic body the elastic modulus in all directions are
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4.

Influence of Alinearity.

Equation 22 is equiva-

lent to the expression used by Bergel (1961) to

determi~e

the

drcumferential ela~tic modulus in fixed-length arteries.

Im-

plicit in the use of this expression are the assumptions that
t

hB arterial wall is homogeneous and isotropic.
.

The first

assumption may be correct, but the definite orientation of
smooth muscle cells within the wall suggest's that the arterial
•11 is not isotropic.

However, even if both assumptions were

perfectly valid, the marked alineari t y of the arterial wall
~stensibility

curves greatly complicates precise assessment.

demo~strable

It is

~rcumferential

that at any given transmural ·pressure the

stress is about ten times the radial stress,

two times the longitudinal stress.

A strain in one

tion produces a strain in other directions as well, but .
if the wall were absolutely isotropic, non-uniform behavior
result because of the combined eftects of

ali~earity

differential stresses at a given transmural pressure.

The

arity between the stresses exerted in the different diracs means that at any given transmural pressure the strains
bited in each direction will also be different.
n of these

stress~s

The~inter-

depends upon where each of the indi-

components falls on its respective alinear stress-strain
•

for example, an increment in stress in the

circumfer~

direction, when the circumferential strain is located
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inextensible portion of its elasticity curve, will confer
apparent inextensibility to the radial direction,
81 strain is

simult~neously

eve~

if the

located on a relatively extensi-

of its respective elasticity curve.

Similarly,

r these conditions, the radial strain will confer an apparhigh·extensibility to the circumferential direction, even
the circumferential strain is actually on a relatively
sible portion of its respective elasticity curve.

This

epandency thus dictates that even an expression as simple
must be used with

reservati~n,

especially with

apparent precision that its use implies.

A more

rehansive three-dimensional expression is required which
rporates co rre·ctions for anisotropy and alineari ty.

In

to obtain such corrections, data are required concerning
properties in each direction.

These data should

obtained under experimental conditions which result in as
ttle interaction as possible.

Measurement of circumferential,

and radial properties in flattened, unrestricted
, such as shown in figure 2, might be such an approach.
the expanded, corrected expression is available the use
~me

approximation of elastiCity is all that is possible.
22 is a reasonable estimate.
5;

Incremental Elastic Modulus.

Equation 22 is a

able approximation of the elastic modulus, but only if
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I

·stress-strain is constant, or very gradual in its change.
a rapidly changing, alinear curve the stress-strain ratio
/

describes a straight line which joins the origin to some final
point on the curve without coinciding with the actual curve.
such a measurement is termed a "secant" modulus because it

describes a straight line which cuts across the actual curve.
Since the object is to measure the incremental stress-strain
. ratio of the actual curve, a more exact approach is to measure
·the slope of the actual stress-strain curve at many points
along the curve.

This may be termed a "tangent" or "incre-

mental" el~stic modulus (Krafka, 1939).
-~rve

When the stress-strain

is linear, the secant and tangent moduli are identical;.
the stress-strain curve is curvilinear, the tangent modulus

a more useful estimate.

Thus, the incremental circumferen-

elastic modulus is given by the following expression&

(23)

B.

Apparatus and Techniques.

maintain isolated arteries at JJ::!.

~

Apparatus was develope
length in a physiolog-

ical salt solution, and to measure external radius, internal
radius, and wall thickness at various transmural pressures.

!Two lucite chambers were constructedJ a large, thick-walled,
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outer chamber to serve as water jacket, and a smaller, thinwalled inner chamber to serve as a tissue bath (figure 3).
/

Water was circulated through the outer chamber, fed by a
Sargent model 84880 thermostatically-controlled tissue bath
heater.

Warmed water was delivered by an inlet port at the

iowest level of the water jacket, and was drained by an outlet
port located at the highest level of the water jacket.

In this

way an effective circulation was maintained and the coolest
water, nearest the surface,'was the first to be renewed.

Slack

ink injected into the inlet port revealed relatively stagnant
regions only in the corners of the water jacket.

This system

.maintained the temperature of the tissue bath to within 0.5 C0 •
The temperature of the tissue bath,:.at· the level of the arteria
·segment was constantly monitored with a Yellow Springs model
8443 surface thermistor and model 43-TA telethermometer.

An

additional heated lucite chamber (not shown in any of th~
figures) was used to preheat solutions destined for the tissue
bath, before introducing them into that chamber.

The tissue

bath was constructed of 1/8 inch thick lucite with a stainless
·steel floor to facilitate heat exchange with the water of the
water jacket.

The tissue bath had a 100 ml capacity.

Two up-

right lucite blocks wsre set 5.3 em apart in the tissue bath
chamber, and one hole was drilled in each upright
axis.

~n

a common

Short segments of stainless steel tubing were pressed

r

rlGURE: 3
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through these holes and fixed permanently with epoxy.

Short

· sa gments· of polyethylene
PE 240 cannula tubing were forced onto
.
/
the stainless steel tubes on opposing faces of the upright
blocks for mounting arterial segments.

Long segments of can-

nula were pressed onto the stainless steel tubes on the outer
faces of the uprights.

One of these long segments of polyethy-

lene tubing was connected to a system of compressed
. trolled

a

by

Conof~ow

H-lOXT-H pressure regulator.

gas~

con-

The gas

used was 100% oxygen, except in. the few cases specified where
·. 100% nitrogen was used.

The other long segment of polyethylene

catheter was connected to a Statham model P23Dc pressure trans·;- ducer.•
A second tisqua bath was constructed which was !dento the first one, except that it contained only one upright block.

A plate of l/2 inch thick lucita was mounted on

the movable sensing arm of a Grass model fT 10 force transducer
:.,. (figure 4).

This luci te plate contained a longitudinally ori-

l• . •

~ entad hole through which a polyethylene PE 240 catheter was
\·,
l

1:pressed.
' .

A nylon locking screw held the catheter firmly in

;.·

One end of the catheter protruded beyond the lucite
plate about l/2 inch, while the other end extended out to

f

easily reach the pressure transducer.

The force transducer

was mounted on a ringstand so. that the portion of the catheter
Protruding from the lucite plate faced the single upright block
the tissue bath.

This system provided a method·for mounting

FIGURE 4
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8

blood vessel in a way that was identical to that employed

.:. in the tissue bath with the two-fixed uprights, but/also. per.. mit ted the .recording a f long! tudinal forces.
·

Excised arteries were mounted in either of the two

tissue baths and were immersed under about 1 em of fluid.

The

small pressure exerted by a column of fluid of this height was
neglecied, and transmural pressure was equated with the intra_lumenal pressure recorded by the Statham pressure transducer,
except for a slight correction to be noted below.
· External radius was continuously and directly measured with a linear displacement transducer (figure 5).

This

':'consisted of a Robinson-Halpern differential trans farmer coupled
~ a Lufkin model 613 flat rod micrometer depth gauge.

The flat

rod on this instrument was non-rotating, and merely ·extended
·more as the micrometer was turned in a clockwise direction.

A

. block of nylon rod was ground into a mushroom shape, and the:
··stem of the mushroom was threaded into the hollow steel core of

~ the displacement transformer to increase the effective length of
·the core.

The total core assembly, consisting of steel rod and

;·mushroom, weigh.ed .635 grams in air.

·,

When submerged to the

}depth employed during experimental procedures, the umbrella portion of the mushroom displaced a volume of fluid sufficient to
reduce the effective weight of the core-mushroom assembly to
grams.

The area of contact between the flat surface of the

,---

f"IGURE 5
DISPLACEMENT TRANSDUCER

---·-··- ............ .. ·---·--·-----·
"
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mushroom and the artery was determined by inflating a vessel
the empty tissue bath with a number of transmural
pressures.

/

The vessel was wrapped with a strip of scotch tape

.with the adhesive surface outward, and the core-mushroom

assam~

blY was permitted to rest against the tape under the influence
of.gravity~

Inspection of the adhesive surface of the tape in-

dicated that the area of contact between the mushroom and the
tape was approximately .lQ cm 2 over most of the pressure range.
The weight of the transducer core assembly thus decreased trans· mural pressure by about 5 mm Hg.

When arteries were mounted in

the tissue bath they were immersed under about 1 em of KrebsMnger solution.

The small pressure exerted by a column of

fluid of this height was neglected, and transmural pressure was
ted with the intralumenal pressure recorded by the Statham
:pressure transducer~ less the 5 mm Hg exerted by the weight of
displacement transducer core assembly.
An exciting voltage (4 volts, 2300 cps) was supplied
Sanborn model 64-500b carrier amplifier to the p~imary
of the dis~lacement transducer coil.

The Sanborn unit

also used to amplify the output of the secondary windings of
displacement transformer.

The output from the Sanborn ampl~

ner was fed into an amplifier of a Grass model 7 Polygraph.
oscillographs of the Polygraph were used to
radius, pressure and force measurements.

117

The linearity of the displacement transducer was
tested by permitting the mushroom to rest on the foot plate
/

'while the micrometer was turned clockwise to advance the coil
downward around the core in .010 inch steps.
pen

def~ection

was recorded at each step.

The Polygraph

After the entire

channel had been traversed, the micrometer was turned in a
counterclockwise direction raising the coil from around the
·core in,.OlO inch steps.
7'

noted.

The Polygraph pen deflection was again

The. Sanborn and Polygraph amplifiers were adjusted ·to

·.:.

give a 1.0 em pen deflection for every .010 inch core-to-coil
· displaceme~t.

Thus, 1 mm channel deflection corresponded to

~.010 inch.actual mechanical deflection.

The results of one

such test are illustrated in Figure 6.

The points fall quite

~ose

to the line of linearity.

The difference between the

'

.,~

points obtained on ascending and descending sequences reflects

~ ihe backlash inherent in the spring-loaded, non-rotating blade
·,

: micrometer.

However, the backlash did not enter into experi-

~i mental measurements because all vital measurements were made

,.,

~by turning the micrometer in one direction only.
>r.

According to

~binson-Halpern, the manufacturer of the transformer used in

the displacement transducer, this instrument has a linear range
of~ .075 inches.

However, in order to achieve adequate sen-

sitivity for experimental applications the transformer was
only

~

.025 inches.

When a vessel changed radius more

tiGURE 6
LINEARITY Or DISPLACEMENT TRANSDUCER
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than z.025 inches the micrometer was turned to bring the Poly-. gr aph pen to a more central region of the recording chann~l.
/
ThiS w~s done at a time when a vessel was exhibiting a steady

1t

radius.

The adjustment was indicated as a shift of a given

vessel size from one location to another location on the recording channel.

This amounted to a shift in baseline, and

:.permitted the use of a high sensitivity .and still kept .the
apparatus in the linear portion of the range of both
!the displacement transducer transformer and the Polygraph re·. cording channel.
Although the displacement transducer was used for
vessels under steady state conditions, the initial
dimension produced
a fairly rapid rate.

by

a pressure change occurred at

In order to test the dynamic response

'

~of the instrument the nylon mushroom was removed from the steel

<core of the transformer, and a wooden applicator stick was
.·.threaded into the core in its place.

The other end of the

· applicator stick was threaded into the ~echanical piston of a

.

'Beta oscillating pump (Yanof et al, 1963) which· produced vir-

.

~ally perfect sinusoidal oscillations up to 90 cps.

The out-

put from the displacement transducer was recorded on the Polygraph using a paper speed of 100 mm/sec.

The Beta pump was run

at various speeds, for a period of about 10 sec at each freThe exact frequency was determined

by

measuring. the
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frequency of oscillations of the displacement transducer on
. the Polygraph record.
a test.

Figure 7 illustrates the resu~ts of such

At frequencies up to 40 cps the response amplitude fell

; at a rate of 3%/lOcps. · This gradual decrease in response ampli·tuda continued until 40 cps was reached.

Above this frequency

of oscillation the response amplitude fell steeply.

According

~~ McDonald (1960) and E. Attinger (personal communication),
:-.·

95% or more of the variance of the pressure pulse wave can be

:represented by the first five rourier.harmonics.

This corres-

·~nds to a maximum of 8 cps in humans, and about 15 cps in dogs •
. The pressure pulse induces correlated circumferential displace-

~ents of the arterial wall, but the visco-elastic properties of
'1
~the wall may limit mechanical displacements to frequencies lower
t.

.

l

~an those encountered in the pressure pulse.

~indicate

The pre~ent data

'that the displacement transducer exhibits 95% of true

amplitude at a frequency of 15 cps.

It was concluded, therefo

displacement transducer is adequate for measuring metransients occurring in steady state studies.

It is

to note that the linearity and frequency response data were
tained using the entire recording system, just as it was
for recording experimental data~
Arteries were measured

by

clamping the displacement

transducer to a ringstand and using the following procedure.

The foot plate was lowered onto the floor of the tissue bath·
entire displacement transducer was forc·ed slightly
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This took up any slack between the ringstand and the
dis- .
tiss Ue bath and mechanically coupled the tissue bat~and
.
.
placemen t transducer. This procedure effectively removed alIICJS

t ell vibrations and minor mechanical disturbances from

recordings.
t h8 radius
.

Inflated vessels were

vis~ally

served to expand uniformly in a radial direction.
~cause

ob-

This was

the catheters on which the vessels were mounted were

sst on a common axis, and also b~cause the vessels were along~
~sd

under a

longit~dinal

stress at all times.

Observation

of radiographs ·of these vessels also indic.ated that radial
~lat!on w~s

essentially uniform.

Measurement of diameter

by resting the lower surface of the artery against the foot

was rejected because the restriction ·imposed by the foot
caused obvious visible distortion.

Thus, the displace-

t transducer was used to measure only changes in external
the movements of only the upper surfabe
the vessel.

In order to convert the changes in radius to

lute radius, the following procedure was performed.

At the

experiment the vessel was permitted to achieve
dimension under a high transmural pressure.

The

bath was drained and the foot pl'ate was brought up by
of the rack and pinion gears until the foot plate just
the lower surface of the vessel.

This was indicated

observation of changes in the light reflection of
of the Krebs-Ringer solution film remaining on

--
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the upper surface of the foot plata.

It was also indicated by

a S udden, small apparent increase in the radius of /~he blood
vessel, as the foot plate forced the vessel upward. This was

.

observed on the Polygraph channel recording the displacement
transducer output.

The micrometer was then turned clockwise,

advancing the coil down around the. core until the pen of the
Polygraph channel recording the radius was centered.precisely
in the center of the channel.
point was noted.

The micrometer reading at this

The clamp holding the displacement transducer

to the ringstarid was loosened and the displacement transducer
moved later,ally until the mushroom slid off the artery and
dropped directly onto the foot plate below it.

The micrometer

was again turned clockwise until the pen of the Polygraph channel recording the radius was again centered precisely in the
center of the channel.
noted.

The micrometer at this point was again

The difference between the two micrometer readings was

recorded as the diameter of the vessel.

One-half of the value·

was recorded as radius and the position corresponding to this
: value was noted on the Polygraph record.

Knowledge of this

:value, and of the calibration of this channel, permitted specification of the externat radius values for each of the other
points on the Polygraph record.

The exclusively clockwise

rotation of the micrometer was adhered to in order to avoid
backlash in the instrument.
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following completion of all pressure-radius measurements and the final diameter determination, the displacement
/

. transducer was removed and the tissue bath was lifted out of
the water jacket.

A dilute suspension of powdered lead oxide

in salina was applied sparingly to the outer surface of the
vessel,' and was then washed away with clean saline.

The residue

which remained was so dilute that it failed to leave more than
8

trace of the bright yellow-white color of the lead oxide sus-

pension.

However, it did impart discernible radio-opacity.

A

small chip or two of dried lead oxide powder was also placed on

the outer surfac~ of the vessel in the region where the mushroom had rested, to serve as a marker.

The cannula at the

other end of the bath was disconnected from the gas supply
and connected to a syringe containing liquid mercury.

The ves-

sel was perfused with mercury to various pressures, as indicated
by

the height of the mercury column in the vertical open can-

nula.

A packet of Kodak Morelite Df-58 dental x-ray film was

placed.on a plastic block, directly beneath the vessel, and
radiographs were obtained at each of the pressure levels.

In

. some experiments a GE llCE2 dental x-ray machine was used with
a collimating tube 16 inches long.
50 KVP, 10 ma, 4/15 seconds.

Exposure parameters were

In other experiments a Ritter

model D dental x-ray machine was used with a collimating tube
·. 16 inches long.

Exposure parameters wera 54 KVP, 17 ma, 6
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X-rays of the vessels were measured microscopically
to determine internal diameter and wall thickness'i Internal
diameter was measured with a,Sauch and lomb zoom lens binocular
dissecting microscope.

This microscope was fitted with a Cook

A£1 image-splitting eye-piece.

The highest overall magnifica-

tion was used which included the entire vessel diameter in a
single field.

This was usually 2 to 4 power.

Wall thickness

was measured with a Spencer binocular microscope using the 40
power lens with 10 power ocular containing a micrometer reticule.

Typical x-rays are shown in· figure 8.

Hypodermic needles

.025, .050, and .072 inches in diameter~ were mounted in the tis
sue bath in the same position as an artery.

X-rays were taken

of these needles, and these x-rays were used as standards to
calibrate the image splitter and eye-piece micrometer.
A test was undertaken to compare displacement transducer measurements of an object with microscope measurements of
the same object.

A number of cylindrical and rod-shaped objects

of uniform diameter were measured by both techniques, coded and
compared by a blind method.

A paper clip, aluminum and steel

rods, and wooden dowels coated with the lead oxide suspension
were used.

Comparison between transducer and x-ray measurements

of identical objects are presented in figure 9.

Deviation from

the line of equality indicates the degree and direction of error
It is clear that there is no systematic error.

These data argue
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COMPARISON BETWEEN TRANSDUCER AND X-RAY MEASUREMENTS
Of IDENTICAL ROD-SHAPED OBJECTS
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ablY for the validity of the two techniques, and the use
faVO r
'the two techniques in conjunction with one another. In makin
of
/
oscopic
measurements
on
the
x-rays
only
the
edges
are subr
. mic
real uncertainty. This uncertainty has been markedly
by coating the outer surface of the vessel with a radioopaque lead oxide residue.

The inner surface of the wall is

sharply outlined by the liquid mercury.
A number of inherently radio-opaque objects, such as
and steal rods were also treated with the lead oxide
suspension.

The same procedure that was used on arteries was

performed; the lead oxide.suspension was applied to the surface

.

· ~f the rods, and then this was washed away.

X-rays taken before

and after lead oxide treatment failed to indicate a measurable
!~crease

in thickness due to the lead oxide.

It is probable

that whe~ the lead oxide was applied to arteries, some of the
radio-opaque suspension mixed with the outer layers of the extracellular water and remained there when the bulk of the sur•
face particles were washed away.

If the lead oxide was placed

on metal rods in localized areas and not washed away, then distinct

11

high spots" of slightly increased. diameter could be dis-

earned on x-rays of these preparations.

Once washed, however,

spot• disappeared.
C.

Procedure.

1.

General Procedure.

Mongrel dogs

sexes; 9-12 kilograms body weight, were anesthetized
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with either 32 mg/Kg Nembutal (Abbott) intraperitoneally or
2 mg/Kg Sernylan (Parke-Davis) intramuscularly and ~0 mg/Kg
·a-chloralose (Kuhlmann) intravenously.

An incision was made in

. the mid-cervical region and a carotid artery was exposed.

A 5.3

em segment of the vessel was measured with calipers and the
~el

was marked with a small nick in the adventitia.

ve~-

The artery

was ligated a short distance from either side of the marked segment, and the segment was excised.
with 25°C

Krebs~Ringer

solution.

It was rinsed and flushed
The vessel was immediately

· trimmed of excess connective tissue and mounted on the cannulas
'

in the tissue bath.

In mounting, the retracted artery was re-

, ~elongated to the original length of 5.3 em.

The interval from

the time of excision to the time of mounting was 3 to 5 minutes.
The vessel was then completely immersed in buffered Krebs-Ringer
solution"held at 36.5 ~ 0.5°C.
cording to Umbreit .et al (1957).

This solution was prepared acIt was composed of 120 mm

4.8 mffl KCl, 2.5 mMCaC1 2 , 1.2 mffl MgS0 4 •7 H2o, 15 mm phos-.

phate buffer - pH 7.4 and 11.0 mM dextrose.

The foregoing- des-

. cribed procedure of excising arteries and mounting them at i!:!.
·\

, situ length in a Krebs-Ringer bath was followed for all of the

~

:following experiment, exc~pt those specifically stated other'. wise.
2.

Wall Volume.

A number of arteries were excised,.

~rinsed and flushed with Krebs-Ringer solution, and were mounted,
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dry, at in

~

length, in the tissue bath.

subjected to the following

procedur~z

Each artery was

The outer;urface of the

vessel was coated with a trace layer of lead oxide, along with a
number of lead oxide marker chips.

The lumen was perfused with

liquid!mercury under a variety of pressures ranging from 40 to
250 mm Hg.

Perfusion pressures were begun at lowest levels and

increased sequentially to highest levels.
the artery at each pressure level.

X-rays were taken of

Internal radius and wall

thickness were microscopically measured on each x-ray, and wall
~volume

was calculated as follows1

(24)

where,.

v

= volume
L = length between
segment
ro
ri

= external
= internal

the ligatures of the cannulated

radius
radius

The length of each preparation was held constant, and was therefore treated as unity.
3.
a.

Action of Norepinephrine and Potassium Cyanide.

Dose-Response Relationships.

and mounted at !n

~

Arteries,were excised, rinsed

length in the tissue bath, immersed in

Krebs-Ringer dextrose solution.

Each vessel was perfused with
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1oo% oxygen gas.

Transmural pressures were increased in 25 mm

Hg steps to 200 mm Hg.

They were then decreased in a stepwise
/

fashion to 75 mm Hg while the radius of the arteries was continuously recorded with the displacement transducer.
mu~al

The trans-

pressure was held at eacih step until the displacement

transducer indicated a steady radius for 2 minutes or more.
Equilibrium usually was achieved in 5 to 10 minutes.
steps will be referred to as ''equilibrium steps".
vessels were treated sequentially with
~nd

0~1,

These

At 75 mm Hg)

1.0, 10.0, 100.0, -:

300.0 pg of norepinephrine (NEpi) (Winthrop) per 100 ml of

tissue

bat~

fluid.

The drug was administered in drops in the

vicinity of the arterial segment.

Each dose of the drug used

was that amount necessary to bring the total concentration up
to the

le~el

stipulated.

for example, after the 0.1 ug dose

was given and the change in radius recorded, 0.9
to bring the following total dose level to 1.0
bath.

~g

was given

~g/100

ml of

No attempt was made to wash out the previous dose.

A

fresh ampule of the drug was opened each day shortly before administr~tion, and diluted when necessary, in isotonic saline.

The total volume injected was 1 ml for all doses.
A second group of arteries also was excised, rinsed
and mounted at

~ ~

length in the tissue bath, and immersed

in Krebs-Ringer dextrose solution.

They were subjected to the

identical stepwise transmu~al pressure sequences as the NEpitreated arteries described above, but the ascending sequence
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of pressure steps was stopped at 200 mm Hg.

These vessels

were treated with 100 pg/100 ml norepinephrine and permitted to
/

equilibrate.

The bath was then changed several times with

fresh 36-37°C Krebs-Ringer solution which contained no dextrose.
A dose of potassium cyanide (KCN) 0.1, 1.0, 10.0, or 60 mg/100
. ml of bath was injected into the bath.

Each dose was diluted in

isotonic saline so that the total volume of each dose was 1 ml.
One hour was permitted to elapse after treatment with one of
these doses, and the degree of dilation produced by the cyanide
was recorded.
of bath

KC~

It was round, in pilot studies, that 60 mg/100 ml

caused a degree of dilation which could not be sig-

nificantly increased by any higher additional dose of cyanide.
A 60 mg/100 ml of bath dose was therefore given after the vessel
had been subjected to some lower dose for one hour. · An additional hour was permitted to elapse after the dose of 60 ml/100

ml of bath and the degree of dilation achieved at this time was
considered to be maximum.
b.

Time Course of KCN Action.

A number of arteries

were excised, mounted in the tissue bath at !u

~

length, and

immersed in 36-37°C Krebs-Ringer dextrose solution.

The arter-

ies were inflated with 100% oxygen, while external radius was
continuously recorded with the displacement transducer.

The

transmural pressure was increased in 25 mm Hg equiligrium steps
to 200-250 mm Hg, and then decreased to 150-200 mm Hg.
~g/100

ml dose of NEpi was given.

A 200

Aftei about 15 minutes the
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bath was rinsed and refilled with fresh

dex~rose-free

Krebs-

Ringers solution, and a 60 mg/100 ml dose of KCN was admini/

.

stared.

The external radius of the artery was then recorded

for up to 8 hours to observe the time course of KCN action.
In a few experiments an additional 200 mg/100ml KCN was given
at the end of the period and an additional hour was permitted
to elapse to evaluate the degree of dilation.
c.

Specificity of NEpi and KCN.

Another group of

arteries was excised and subjected to one of a number of procedures to kill the arterial muscle.

These procedures were&

a) exposure. to a dextrose-free, anoxic environment by_inflation
of the vessels with 100% nitrogen gas for 8-10 hours; b) immersion in distilled water for 10-12 hours; c) immersion in KrebsRinger· solution and subjection to slow freezing for 10-12
hours; and d) immersion in Krebs-Ringer

solution and subjection

to heating to sooc for one hour, with approximately 40 additiona! minutes required to heat up to, and cool down from,
that temperature.

Those vessels immersed in distilled water

an~

those that were frozen were subjected to these treatments prior
to mounting in the tissue bath.

They were immersed in fresh

Krebs-Ringers solution for about eight hours before being
mounted and tested.

Those arteries subjected to nitrogen ex-

posure, and those exposed to sooc temperatures were subjected
to those procedures while mounted in the tissue bath. following
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its respective procedure, each artery was immersed in fresh
36-37°C, Dextrose-free Krebs-Ringer solution and was inflated
/

with 100% oxygen.

Transmural pressures were increased in 25

mm Hg steps up to 250 mm Hg, and then decreased in 25 mm Hg
steps to either 175-200 mm Hg or to 50-75 mm Hg.

External

radius was recorded with the displacement transducer.

Each·

artery was treated sequentially first with 200 p/100 ml NEpi,
and then wit~ 60 mg/100 ml KCN.

Adequate time was permitted

to observe the diameter changes produced by these agents.
d.

Effect of NEpi and KCN on Wall Volume.

additional group of arteries

dry tissue bath at 1u

~

w~s

An

excised and mounted in the

length.

The outer surface of the

.

vessel was coated with a trace layer of lead oxide, and a
number of lead oxide chip markers.

The bath was then filled witt

·Krebs-Ririger dextrose solution, and the artery was inflated with
100% oxygen.

The transmural pressure was increased in 25-mm Hg

equilibrium steps to 100 mm Hg.

The displacement transducer

was removed and 200 ~g/100 ml NEpi was administered.

After 30

minutes the-bath was drained and the artery. was filled with
liquid mercury under a range of perfusion
was taken at each pressure.
bath was gently

ri~sed

pressur~s.

An x-ray

rollowing this procedure the tissue

and refilled with fresh glucose-free

Krebs-Ringer solution, and 60 mg/100 ml KCN was added to the
bath.

After one hour

th~

bath was again drained and x-rays
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'

ware taken over a range of liquid mercury perfusion pressures.
Wall volumes were determined after both. NEpi trea,tment and KCN
treatment for each artery.
4.
teristics.

Influence of Smooth Muscle on Mechanical Charac- .
a.

Shortening and Extending Cycles.

excised, rinsed and mounted at

!n

~

Arteries were

length on cannulas pro-

truding through the upright blocks in the tissue bath.

They

were immersed in Krebs-Ringer dextrose solution and inflated ·
with 100% oxygen while external radius was continuously recorded.

Transmural pressures were increased in 25 mm Hg steps

to 200-225 ~m Hg, and then decreased in this stepwise fashion to
25 mm Hg, and back up to 200-250 mm Hg.

In some experiments

350 mm Hg was used fo·r the high pressure, and in some 0 mm Hg
was used for the low pressure.

At the high pressure the arter-

ies were treated with 200 ~g/100 ml NEpi and the vessel was
permitted to contract until a new equilibrium was established.
The pressure was then decreased to the low pressure in 25 mm Hg
equilibrium steps, and then increased again, in steps, to high
pressure.

At high pressure the tissue bath was drained, rinsed,

and refilled.with dextrose-free Krebs-Ringer solution.

A 60 mg/

100 ml dose ~f KCN was added to the bath and the vessel was per-.
mitted to remain at 200 mm Hg or more for one hour.

At the end

of this period the artery was again subject~d to 25 mm Hg equili
brium pressure steps down to a low pressure, and back up to a
high pressure level.

In a few experiments the pressures were
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decreased to zero, and oven to negative values only after KCN
treatment.

In some experiments all steps were equilibrium steps
/

in others either the shortening or distention phases were carrie
steps performed as the vessel approached, but did not yet
full, final equilibrium.

At the end of these procedures

the diameter of the artery was determined at high pressure, and
• finally, x-rays were taken of each vessel.
5.

Hysteretic Behavior.

a.

Interrupted Loops.

were excised, rinsed and mounted at

in

~

length.

ArThe

vessels were subjected to pressure cycles in pretreatment, NEpitreated and cyanide-poisoned states, just as described in the
previous section.

A modification of these procedures was that

the distending limb was halted before reaching the maximum pressure.· A sequence of descending equilibrium steps was performed
from that point.

In some experiments the distention limb was

repeated and this was also halted before maximum pressure.to
second shortening sequence.
b.
~stematically

Shortening from Multiple Origins.

In order to

analyze the characteristics of the hysteresis

loop, a number of arteries were mounted at i!:!.
re subjected to the following procedures.

~

length and

After completion of·

e pretreatment cycle the arteries were treated with 200~g/100
NEpi at a high pressure, and the pressure was decreased in
'

uilibrium steps.

When the vessel achieved stability at the
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, loW pressure, the pressure was increased in a single step to
, some higher, "starting" pressure.

The radius associated with
/

thiS starting pressure may be referred to as the "origin n.

A

. sequence of descending '·equilibrium steps was then carried out
·until the lowest pressure in the cycle was achieved.

This pro-

~~dure was repe~ted until shortening curves originating from

:many different starting pressures were obtained.
starting pressures was·randomized.

The order of

The same procedure was fol-

after one hour poisoning with cyanide at high pressure.
C.
~group

Distention from Multiple Origins.

An additional

of arteries was studied in a similar manner to obtain dis-

.~

,1ention sequences. commencing from various starting pressures.
full pretreatment cycle, the artery was treated with
200 ug/100 ml NEpi at a high pressure.

A full decrease-increase

pressure ~ycle was performed, and the pressure was dropped in a
single step to some lower "starting" pressure.

A sequence of a

cending equilibrium pressure steps was performed from this oriThis procedure was repeated until distention curves ori~ginating
f

from many origins were obtained.

The order of. starting

~pressures was randomized.

~:
,~

6.

Longitudinal Properties.

Arteries were excised,

and one end of the vessels was··· mounted on a cannula pro·.truding. through one of the upright blocks in the tissue bath •
•The other end of the artery was cannulated with flexible silasti
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tubing, and this cannula was secured to the lucite plate and

connected to the pressure transducer.

The radiu? of these prep-

arations was measured with the displacement transducer, and the
longitudinal force was measured with the force transducer.

The

vessels were subjected to an initial stepwise distention, and
this was followed by the usual pressure cycles in the pretreatment condition, after treatment with NEpi and after poisoning
with cyanide.

A pressure of 200-225 was used as the upper limit

and 0-25 was used as the lower limit.

Upon completion of these

procedures the lucite plate was removed from the cannula, and
the cannula was clamped in place to maintain the appropriate
length.

The vessel was coated with a thin layer of lead oxide,

perfused with liquid mercury and x-rayed over a wide range of
distending pressures.

At the end of the experi~ent the force

transduc~r was turned so that the sensing arm could be deflected
vertically, and the displacement transducer mushroom was rested
against the sensing arm.

The arm was deflected to the same ex-

tent observed pn the Polygraph record during experimental procedures.

This test indicated that the elongated artery was per~

.

mitted to change less than .01 percent in length.

/

CHAPTER IV
RESULTS
A.

Wall Volume.

Carotid arteries were perfused

under pressure with liquid mercury, and the wall volumes were
determined at each pressure.
10.

These data are shown in Figure

The mean wall volume of each artery was designated as

100% and the points contributing to that mean were then plotted
against diameter.

Each artery is represented by a different

symbol; allthe open circles indicate individual volume determinations for one artery, all the closed circles for another
artery, etc.
1

The abscissa is external diameter, expressed as

the percent of each individual vessel's diameter at 50 mm Hg.
The ordinate is wall volume, expressed as the percent of ~san
wall volume for each vessel.

These data are expressed in per-

centage form in order to compare wall volume of arteries obtained from animals of different sizes and weights.

If the

wall underwent volume compression with increased dLstention,
then the points would show a general tendency to fall from
left to right.

If the wall underwent a volume expansion with

increased distention, then the points would show a general
tendency to rise from left to right.
140

It is clear from

FIGURE
ARTER! AL VJALL

z

<
w
~

0

130

~
.. 120
w 110
~

Q 100 ~

i-

~

D.- ,. 0•

-

ol!', "'l!zrlAx

0

> 90
-I
-I

~

1

I'
I

l

l

• ~·

,f.V •

•

•

80
7090

100

110
120
- 130
140
150
EXTERNAL DIAMETER:
o/o of EXTERNAL DIAMETER at 50 mm Hg

~

Data are for 7 arteries, each represented by a different symbol. The
tendency for the points to fall randomly about the mean indicates
that wall volume remains constant. Description in text.

-·

•"-

~..,...

-

~ -~.......

'•-'""""

~

~

~

-

142
figure 10 that neither trend is observed, and it may be concluded therefore, that the arteries in this preparation ex/

hibit isovolumetricity.

This means that each change in dia-

meter is accompanied by an appropriate, opposite change in
the thickness of the wall, and the magnitude of change in the
thickness is dictated by the incompressibility of the material
of the wall.

The isovolumetricity of the arterial wall may be

expressed mathematically as a Poisson's ratio of
B. Actions of NEpi and KCN.
relationships.

1.

o.s.

Dose Response

figure 11 presents portions of polygraph re-

cords . illustrating
the response of a carotid artery, fixed at
.

.!D. .§ii!! length in the tissue bath, distended with 175 mm Hg
pressure, and treated with 200 ~g/100 ml NEpi and 60 mg/100 ml
KCN.

figure 11A provides an example of the prompt arterial

contraction produced by 200 pg/100 ml NEpi.

An additional

dose of 300 pg/100 ml NEpi caused no further contraction.·
figure 118 provides an example of the dilation produced by
60 mg/100 ml KCN.
give~

An additional 200 mg/100 ml dose of KCN

after 90 minutes caused no further dilation.
figure 12A presents ·a NEpi dose-response curve.

The

abscissa is the dose of the drug, plotted on a logarithmic
scale, and. the ordinate is the amplituda of contraction axpressed in percent of the maximum observed in each individual
experiment.

The points indicate the mean determined for 9

fiGURE 11
POLYGRAPH RECORDS ILLUSTRATING CONTRACTILE EffECTS
Of NEpi, AND DILATION PRODUCED BY KCN.
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carotid arteries, and the brackets indicate standard errors.
maximum response was obtained with 300 pg /100 ml/of NEpi.
/

In a few cases as much as 600 pg/100 ml was given with no increase in response over that produced by 200

~g/100

ml dose.

It was concluded, from these results, that a 200 pg/100 ml
dose of the drug could be used to strongly contract the muscle
in subsequent experiments.
Figure 128 presents a KCN dose-response curve.

The

abscissa is the dose of KCN, plotted on a logarithmic scale,
and the ordinate is the amplitude of dilation, expressed in
percent.

The 10 and 60 mg/100 ml points on the graph repre'

sent the mean of 9 carotid arteries, and the 1.0 mg/100 ml
point represents 6 carotid arteries.

Three additional arteries

were treated with 0.1 mg/100 ml,· but these were discontinued
.when it became evident that they produced negligible dilation.
The brackets indicate standard errors.

It was concluded from

these results that 60 mg/100 ml KCN could be used to maximally
inhibit smooth muscle contraction.
2.

Time-Course of KCN Action.

Figure 13 presents

data describing the time-course of KCN dilation for 5 carotid
arteries.

The abscissa is time in hours.

provide detail regarding the first 2

~ours,

It is broken to
and also to indi-

cate the duration that. the experiments were permitted to run.
The ordinate is the amplitude of dilation expressed in percent,
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where maximum dilation was that observed at the end of each
experiment.

Each symbol represents a different

a~tery.

Vessel

dimensions were recorded continuously on the Polygraph, but only
the responses observed at 20 minute intervals for the first 2
hours are plotted.

Once a vessel reached its maximum radius

it retained that dimension for the duration of the test.

The

final points shown on the graph incidate the duration of each
individual experiment.

Treatment with an additional dose of

200 mg/100. ml KCN failed to augment the dilation prod~ced by
exposure to 60 mg/100 ml KCN for many hours.

It is clear from

figure 13 t,hat approximately 95% of the maximum dilation occurs
within the. first hour
. after treatment.

.It was concluded, there-

fore, that waiting one hour after KCN treatment would be sufficient to consider vascular smooth muscle essentially inactive.
Thus, 60 to 100 minutes were permitted to elapse before the
fin~l

pressure-radius studies in each

expe~iment

were pertormed.

In many experiments the vessels were treated with an additional
200 ug/100 ml dose of NEpi after having undergone poisoning with
I

cyanide for one hour or more.

NEpi never elicited a contractile

response after poisoning with KCN.
In several· experiments, .the pH of the bath was measured immediately before and after administration of NEpi and
KCN.

It ~as 7.4 before and after treatment with NEpi, but in-

creased to 8.8 after treatment with cya'nide.

This high pH was

149

proba b

lY important in relaxing or even killing the smooth muscle
Two arteries were treated,. firs.t with KCN buffered to pH
/

and then with Krebs-Ringer solution buffered to bring the
to pH 8.8.

Two additional arteries were treated, first

the alkaline Krebs-Ringer solution, and then with KCN bufpH 7.4.

In each case more than 90% of maximum dilation

produced by the first of two treatments.

Data presented in

following section on the specificity of KCN action indicates
~that

neither the pH nor the cyanide ion grossly disturbs the me-

chanical characteristics of the connective tissue elements.
~.

Specificity of NEpi and KCN.

The results of

various arteries with NEpi and KCN are shown in Table I.
These data show that vessels subjected to procedures intended
.to kill the smooth muscle.never responded, in any way, to admin~istration

of NEpi.

Vessels subjected to immersion in distilled

.water, exposure to an anoxic environment, to freezing or to
; heating failed, in all cases, to dilate in response to KCN.
vessels were tested in two ranges of pressure to determine

~These
,,
r

·;which, if either, of the connective tissue elements might be ef-

i·

~fected

by NEpi or KCN.

Elastin bears most of the distending

-~
i~

aload in the 50-75 mm Hg range, while collagen bears most of the
in the 175-200 mm Hg pressure range.

The present data in-

\.

idicate that neither elastin, nor collagen, are obviously sfby NEpi or .'.KCN because neither of these agents elicited

TABLE I .
ACTION OF NEpi AND KCN ON ARTERIES
SUBJECTED TO VARIOUS PRETREA1J1ENT PROCEDURES

.·Procedure·

Treatment
· · · · · 'Pressure

Number
·······of Arteries

........

Effect of KCN

Effect of NEpi

none
none

Perfused with
N2 for 8 hours

175-200
50-75

2
2

none
none

Soaked in dis- .
tilled H2o for
8 hours

175-200
50-75

3

5

none
none

none
none

Frozen for 8
hours

175-200
50-75

3
3

none
none

none
none

Heated to 50°
for 1 hour

175-200
125

1
1

none
none

none
none

Refrigerated
for 8 hours

225
100-150

.

-

--.

3

dilation (3/4)
contraction

dilation
dilation

."'
~

...
U1

0
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a response from arteries in which the contractile system had
been inactivated by various methods.
4.

'/

Effects of NEpi. and KCN on Wall Volume.

figure 14

presents a comparison of mean wall volumes in 10 arteries after
successive treatment with NEpi and KCN.

The abscissa is the ar-

· terial volume after .treatment with NEpi, and the ordinate is the
arterial volume after treatment with KCN.

If there were no

change in wall volume after tt\ese successive treatments,. then
each of the paints would .fall along the 45° line of equality.
figure 14 indicates that there is a tendenc'y for the wall volume
to increasa following poisoning with KCN.

A 16% increase was ob

served in a single case, although 6% was the average increase fa
the 10 vessels.

The influence of NEpi and KCN an the wall val-

ume was studied because the wall volume was used in all subsequent experiments to calculate the internal radii ·which correspond to the directly measured external radii.

Equation 24 was

used fqr this purpose; rearranged to solve for ri,

(25)

Nate that the square root of the wall volume is used.

There-

fore, the average· increase in wall volume of 6%, after treatment
with .cyanide, results in ah average underestimation of about

FIGURE 14
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2.s% in the calculation of internal radius after treatment

with NEpi, because in subsequent experiments x-rays
onlY after poisoning with KCN.

~ere

taken

No attempt was made to correct

for this error because of its small and inconsistent magnitude.
~

f'igure 15 presents the individual points comprising

·the mean wall volumes considered in f'igure 14.
presents a different artery.

Each symbol re-

The abscissa is external diameter,

expressed as the percent of each individual vessel diameter at
50 mm Hg following treatment with NEpi.
left and right panels of the f'igure.

It applies to both the

The common ordinate is

wall volume, expressed as the percent of mean wall volume for
each individual vessel obtained following each treatment.

Thus,

the points cluster about their respective means, although the
mean following treatment with KCN is actually 6% greater than
the mean following treatment with NEpi.
sented by a different symbol.

Each artery is repre-

f'ive points were obtained for

most arteries after N£pi, and after KCN, although in a few cases
only 4 points could be satisfactorily determined.
The dispersion of the individual points in those
figures is obviously greater than the similar plot for untreated
vessels illustrated in f'igure 10.

This is because the treated

arteries underwent immersion in a Krebs-Ringer bath for 30
minutes with NEpi, and 60 minutes with KCN.
washed

a~ay

These procedures

some of the lead oxide layer and rendered the x-rays

'
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more difficult to measure.

In spite of this, however, most of

the scatter in figure 15 is within ,:tlO% of the mean, /with just
8

few points greater than that range.

This figure indicates

that there is little change in the slope of the wall volume
curve after NEpi

or~CN,

suggesting that the presence of active

smooth muscle does not alter the Poisson's ratio.

There is a

slight tendency for the slope of the wall volume curve after
·poisoning with KCN to fall from left to right, but this may have
reflected a tendency for the wall to gain water after cyanide.

c.
tention

fixed-Length Arteries.

Be~avior.

1.

Shortening and Dis-

figure 16 presents a sample Polygraph record

illustrating part of a pressure-radius cycle experiment •. Decreasing radius and increasing radius curves are shown in the
pretreatment condition, after treatment with NEpi and after
poisoning with cyanide.

figure 17A and lBA present pressure-

radius curves for 2 typical arteries subjected to a wide range
of di$tending pressures.

"Pre" indicates the behavior of the

vessels during the pretreatment condition; "NEpi" after activation of the smooth muscle with NEpi; and "KCN" after poisoning
with cyanide.· It is evident that the vessels described in these
figur~s

were considerably relaxed before treatment with NEpi,

because the Pre and KCN curves are similar.

At low pressures

and radii the vessels exhibited large changes in radius with
each step change in pressure (Ar/dP).

When the pressure and

radius were increased, the (trjAP) became progressively smaller.

FIGURE 16

POLYGRAPH RECORDS IN PRETREATMENT STATE, AfTER TREATMENT WITH NEpi,
AND AfTER POISONING WITH KCN.
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ThB dependence of (Ar/bP) upon pressure or radius was most

apparent in the pretreatment condition and after
with cyanide.

Treatment with NEpi caused a gradual contrac-

tion so that the
pressure.,

poi~ning

(Ar/~)

was lass dependent upon radius or

Treatment. with NEpi also greatly increased the

amplitude, or width, of the extension-retraction hysteresis

lOOP•
The amplitude of muscle shortening is the difference
in radius at any pressure between the vessel following treatment
with NEpi and following poisoning with cyanide.

It is clear

from figures 17A and ~BA that the amplitude of muscle shortening
.

'

is great .at moderate pressures, and exhibits a maximum at or
below physiological pressures.

,.

teries.

'

Table II presents similar data for a total of 16 arMaximum active stress, the strain at which the maximum

stresses occurred, and the pressure at which the maximum amplitude of shortening occurred are presented.

Means and standard

errors are included at the bottom of the Tabla.
active stres~ was

.sa ~

.11 x 10 6 dynes/cm 2 •

mean circumferential strain of .57 ~ .04.

The mean peak

It occurred at a

Maximum amplitude of

muscle shortening occurred at a mean pressure of 62 ~ 4.8 mm Hg.
! '

0.

Extension Behavior.

It is evident from the pres-

sura-radius curves presented in figures 17A and lBA that each
radius is associated with a higher pressure during .the
tion sequences than 'during the shortening sequences.

diste~-.

This is

ARTERY 1&
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fiGURE: 188
ARTERY 21 SHORTENING STRESS-STRAIN CURVES~fTER
NEpi, KCN ANO THE DiffERENCE BETWEEN
THEM (ACTIVE MUSCLE) •
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TABLE II
SHORTENING CHARACTERISTICS OF
· NOREPINEPHRINE-ACTIVATED CAROTID ARTERIES
· · Artery

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Maximum Active Stress
6
. 2
{x 10 dynes/em )
1.20
.60
•40
.70
.60
1.90
1. 70
.50
.50
.30
1.20
.90
.75
.91
1.10
.86

.

Strain at Maximum
Active Stress
(tJ.r/r0 )
.80
.90
.55
.53
.50
.30
.73
.68
.47
.34
·.74
.65
.36
.40
.74
.50

. Pressure At
Maximum Shortening
(mm Hg)
50
75
75
75
90
75
50
50
75
25
75
75
50
25
55
75

"'
Mean
Standard Error

.88
·±. 11

.57
±.04

62
±4.8

....

0\
N

'

..
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especially pronounced after treatment with NEpi.

Because the

circumferential stress is directly related to the pr,ssure at
anY given radius (equation 4b), it is apparent that the stress
19 greater at any strain during"the distention sequence than

during the shortening sequence.
Figures 17C and 18C present the distention data in

.

the form of stress-strain curves.
ware determined graphically.

The slopes of these curves

Seventy-five percent of the value

of the slope was used as a measure of the elastic modulus, in
lloc

accord with equation 23, i.e. Ec ~ lle:c U-v 2 ) •
ratio i~ eq~al to

o.s,

Since Poisson's

the expression (J~v 2 ) is equal to 0.75.

These elastic moduli are plotted as a function of strain in
Figures 170 and 180.
of the arteries is

It may be observed that the elastic modulu

high~r

poisoning with cyanide.
strains.

after treatment with NEpi, than after
This is found at all but the largest

The consistency of this finding is demonstrated ·by

the data presented in Table IliA.

Figures 17E and 18E present

the same elasticity data plotted as a function of transmural
pressure.

Contrary to the data presented in the stress-elastic!

ty graphs, these Figures indicate that the arteries are

~

elastic at any given pressure after treatment with NEpi than
after poisoning with cyanide.
Interpretation of the pressure-elasticity data presented in Figures 17E and 18E is complicated by the fact that

,---

fiGURE 17C
ARTERY 1: DISTENTION STRESS-STRAIN CURVES
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TABLE III A
ELASTIC MODULUS {x 10 6 dyne·s/cm2)
·As A FUNCTION OF STRAIN
Strain
Artery

·~1·····~2·····~3

A

~5

~6

~7.

.8

.9

-

2.2

2.5

-

2.5
1.2

3.8
1.2

3.8
1.5

3.0
1.3

3.8
. 3.0
.

1.6

2.7

6.4

7.9

1.61 21.
. 7.0 . 8.3

26.9
13.4

35
21.0

. 2.0

NEpi
KCN

1.3

NEpi
KCN

1.0

-

1.2
.3

1.8
.6

2.4
·.87

3

NEpi
KCN

6.8
.6

5.2
1.7

. 7.0
2.8

11.2
. 3.6

:4

NEpi
KCN

2.6
.6

3.0
1.4

3.0
2.1

3.0
3.0

6

NEpi
KCN

2.5
1.9

6.0 . 8.0
2.5 . 6.0

17
. 8.0

'1

NEpi
KCN

-

3.2
1.4

4.8
2.3

5.7
2.3

10

NEpi
KCN

2.2

3.5
1.0

5.0
2.2

7.0
4.0

7.5
9.0

11

NEpi
KCN

-

.2

-

1.2
.6

2.1
.6

1
2

-

-'

1.7

-

.85

.85

-

-

5.0
4.0

1.0

L1

1.2

4.7
. 3.0

. 8.5
. 8.5

19.0

17.4
.

. 7.0
. 5.5

17
19
10.2 , 10.5
4. 75 . 8. 6

2.1
.6

14.0

3.5
1,37

2.6
1.37

2.6
2.7

5.5

""

9.0

(Continued)
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Strain

(Continued Table III A)

Artery

~1

.2

.3

. ~4

.. 5

~

12

NEpi
KCN

1.6
.6

2.2
1.0

4.0
1.7

4.6
3.0

6.7
5.1

14

NEpi
KCN

2.5

-

3.5
1.3

5.6
2.6

4.0
5.3

7.0
7.4

17

NEpi
KCN

6.0
1.6

4.0
1.6

5.7
4.0

15
12

18

NEpi
KCN

3.5
1.0

5.4
2.3

5.5
5.0

12.0
13.0

6

7.1

.. ~ 7

~8

LO

1.1 ..

"150 ..

·ns

... "200

. ~9

1.2

8.0

30
56

24
29

TABLE II I B
.
6
2
ELASTIC MODULUS (x 10 dynes/em )
AS A FUNCTION OF PRESSURE

25

Artery

-

Pressure
.. 100 .
. "125

·so .

.. 75 .

.8
1.2

1.3
1.5

1.5
3.0

1.8
3.5

2.0
8.4

2.3
8. 5

2.5
19.5
3.0
17.4

1

NEpi
KCN

.3

2

NEpi
KCN

.6

1.2

-

1.0
2.2

1.1
4.5

1.6
6.3

2.1
6.2

2.7
12.5

3

NEpi
KCN

1.2
1.7

6.8
3.6

5.2
8.3

7.0
13.4

11.2
20.0

16.1
22.3

23.3

-

""'-

26.9

,_.
en

\C·

. (Continued)
•

••D~-o

~

(Continued Table III B)
Artery

4
6
7
10
11
12
14
17
18

Pressure

25

50

75

NEpi
KCN

1.9
1.0

1.9
1.8

2.3
2.6

NEpi
KCN

2.2

2.5
4.3

NEpi
KCN

1.9

-

NEpi
KCN

..

.

100

....

125

150

. . . 175

200

2.6
3.5

3.0
4.7

3.1
5.5

4.0

6.0

5.2
7.0

8.0
13.0

8.0
19.0

12.0

17.0

17.0

3.2
3.5

4.0
6.6

5.2
11.2

5.7
14.0

10.2

10.2

10.2

2.0
2.2

2.2
3.3

3.0
6.5

3.9
9.0

4.9
12.0

6.2
13.0

7.2

7.5

NEpi
KCN

.2
.6

.5
.9

1.0
2.7

1.6
4.0

2.1
5.5

2.8
7.3

3.1
9.0

2.6
15.0

NEpi
KCN

1.3
.8

1.7
1.8

2.2
3.0

2.5
7.1

4.3
8.0

5.6
9.0

6.7

6.5

NEpi
KCN

2.5
2.6

2.5
4.0

3.0
5.3

4.2
5.4

5.3
7.0

4.8
13.0

5.5
13.0

7.0

NEpi
KCN

1.8
1.6

4.0
4.0

4.0
12.0

4.0
12.0

7.7
20.0·

11.0
29.0

15.0
29

27.0
30.0

NEpi
KCN

1.3
1.2

3.8
2.7

3.8
3.2

6.6
8.2

6.6
13.0

6.5
13.0

10.2
31.0

3-l.O

-

..

-

12.0

~
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vary different strains are associated with each pressure, depending upon whether or not the smooth muscle

wa~

active.

The

arrows in figures 170 and 180 indicate the strains associated
with 100 mm Hg after treatment with NEpi and after poinsoning
with cyanide.

Clearly NEpi decreases the strain at

physiologi~

cal pressures, and also decreases the elasticity.
Results for 12 arteries are presented in Table IIIB.
Some of these arteries were those subjected to equilibrium steps
in both the shortening and distention sequences.
also appear in Table II.

These vessels

The remaining arteries were those sub-

jected to incomplete equilibrium steps during the distention sequences.

In spite of considerable variability in the elasticity

and maximum strain that was attained, every individual artery
described in Table IliA and IIIB agrees, qualitatively, with the
two arteries analyzed in detail in figures l7A - E and lBA - E.
In every artery studied, activation of smooth muscle caused contraction and rendered the arteries less distensible with respect
to strain, but more distensible with respect to pressure.

fi-

gure 19 presents the mean elastic moduli and their standard errors plotted as a function of radius.
tic

mod~li

It is clear that the alas

gradually increase with increasing pressures, and

that NEpi decreases the elasticity at all but the lowest pressures. · The elastic moduli after NEpi and KCN were compared using the Wilcoxon matched-pairs

signed-r~nks

test (Siegel, 1956).
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fiGURE 19

· MEAN ELASTIC MODULUS AND STANDARD ERRORS AS A fUNCTION Of
PRESSURE; EffECTS Of NEpi AND KCN ARE COMPARED
WITH THE UNTREATED ARTERIES Of BERGEL.
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The differences at 25 and 50 mm Hg were found to be insignificant, but the differences at all higher pressures were significant (p<.025).
/

E.

Hysteresis.

l.

Interrupted Loops.

It was noted

. above that treatment with NEpi markedly increases the hysteresis of,arteries subjected to wide-range pressure-radius cycles.
In order to investigate the properties of the loop, 4 arteries
were subjected to interruption of the distention limb.
20 illustrates one such experiment.

Figure

After treatment with NEpi,

the distention limb was interrupted first at a low pressure,
and then during a secpnd distention sequence, at a higher
pressure.

It was also interrupted at several pressures during

distention sequences after poisoning with cyanide.

Pressure-

radius curves after treatment with NEpi are plotted with
filled circles and solid curves, after poisoning with KCN
with open circles and broken curves, and during the shortening
sequences following interruption with x•s and widely broken
curves.

The shortening sequences following interruption tended

to pass between the limbs of the hysteresis loop.

After KCN

the shortening and distention curves could almost be superimposed, no matter where they were interrupted.

However, after

treatment with NEpi the hysteresis loop was usually quide wide.
If interrupted at a low pressure, the subsequent shortening sequence curves downward on the first pressure decrement and even
tually terminated at approximately the point of minimum pressuro
and radius.

If interrupted at a high pressure, the subsequent

FIGURE 20
PRESSURE-RADIUS SHORTENING CURVES fOLLOL~ING INTERRUPTI ON 0 f DISTENTION SEQUEN CE.S
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shortening sequence tended to exhibit very little change in radius until the pressure had been decreased 50-75 •m

H~.

This

curve than gradually turned downward, terminating near the point
of minimum pressure and radius.
2.

Shortening from Multiple Origins.

In order to

evaluate this behavior in mora detail, two additional groups of
arteries were subjected to shortening and distention sequences
originating from various, randomly-ordered initial radii.

Fi-

gures 21A and 22A illustrate pressure-radius curves of 2 arter. ies subjected to shortening from each of these initial radii
("origins").

A striking feature of these curves is tha influ-

ence of KCN and N£pi on the behavior of the vessel.

Changing

the origin in the cyanide-poisoned vessel resulted in a merging

·1
'
··!:t

i·

of the subsequent shortening curves, while changing the origin
in the NEpi-traated vassal generated a family of shortening
curves which all tended to merge at the low point in the pressure-radius cycle.

!

.

~

When the pressure or radius of origin was

high the associated shortening curves tended to remain fairly
flat over a long range of pressure.

Figures 218 and 228 present

r·

stress-strain data derived from the shortening curves illustrate
in Figures 21A and 22A.

Subtraction of the KCN curve from the

NEpi curves indicates that the muscle exhibits a graded contractile stress.

At each strain, the shortening curves originaI

ting

fro~

a low·origin exhibits more active stress than the

!
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fiGURE 21A
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ARTERY 3: STRESS-STRAIN CURVES fOR SHORTENING SEQUENCES BEGUN fROm VARIOUS ORIGINS
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fiGURE 22A
ARTERY 4: PRESSURE-RADIUS SHORTENING CURVES BEGUN fROM VARIOUS ORIGINS
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shortening curves originating from successively higher origins.
Similar behavior was observed in 9 separate arteries.
/

3.

Distention from Multiple Origins.

figures 23A

and 24A present pressure-radius curves of arteries subjected to
distention from multiple, randomly-ordered origins.

All of the

pressure-radius curves after poisoning with cyanide are strikingly superimposed, while those obtained when the smooth muscle
was activated with NEpi describe a family of curves.

When the

NEpi-treated vessel originated from a small initial radius it
tended to remain smaller throughout the distention range thaQ
when it originated from a larger initial radius.

Although these

· curves originated from different radii and traversed sep•rate
paths, they all converged at about 250 mm Hg.

figures 238 and

24 8 present stress-strain data derived from the previous pressure-radius curves

illu~trated

in figures 22A and 23A.

Seventy-

five percent of the slope of the stress-strain curves was determined, and these data are presented in figures 24C and 25C in
graphs of the elastic moduli as a function of strain.

figures

23C and 24C indicate that when an artery originates from a small
radius and low pressure it tends to exhibit a lower elastic modulus, at any given strain, than when it originates from a larger
radius and higher pressure.

The fact that arteries originating

from both small and large radii (figures 23A and 24A) ultimately
converge at high pressure and radii indicates that this gradatio

FIGURE 23A
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ARTERY 5& PRESSURE-RADIUS DISTENTION CURVES
BEGUN FROM VARIOUS ORIGINS
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fiGURE 24A
ARTERY 5: PRESSURE-RADIUS DISTENTION CURVES BEGUN FROM VARIOUS ORIGINS
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fiGURE 238
ARTERY 5z STRESS-STRAIN CURVES fOR DISTENTION
SEQUENCES BEGUN fROM VARIOUS ORIGINS
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ARTERY 6& STRAIN-ELASTIC MODULI CURVES FOR
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of-elastic moduli must exist because a small vessel must be more
distensible than a large vessel if they are both
identical pressure-radius coordinates.

t~

pass through

This behavior was ob-

served in experiments on 8 separate arteries.

Thus, for both

shortening and distention, the properties of an active artery,
at any given radius, depend upon its previous dimension.

The

fact that this does not apply to cyanide-poisoned vessels indicates the essential role of active muscle.
The shortening sequences (figures 21A and 22A) each
represent one-half of a set of pressure-radius hysteresis loops.
figures 218 and 228, 238 and 248 are the stress-strain counterparts.

The missing half of the hysteresis_loops may be envi-

sioned by joining together the points of origin on any one figure by an imaginary distention or shortening line.

It is evi-

dent from these data that the width of the loop in the NEpitreated vessel depends upon the magnitude of the radius change.
A small change in radius produces a small loop, and larger
changes in radius produce progressively larger, enveloping loops
f.
segments

~f

formed on an

Longitudinal Properties.

figure 25 presents two

Polygraph records illustrating an experiment per-

1a

~-length

vessel was untreated.

~ach

artery.

In the upper (A) panel, the

decrease in pressure (Pt) was ac-

companied by an increase in the longitudinal tethering force
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(tLT} that was measured by the force transducer.
whether or not there was a change in radius.
panel, the vessel was treated with 200
row.

~g/100

This occurred

In the lower (B)
/

ml NEpi at the ar-

Such treatment caused a striking decrease in the longitu-

dinal-tether force with almost no change in radius.

The direc-

tion and magnitude of changes in tethering force which are associated with step changes in pressure before treatment with
NEpi indicate that the decrease in longitudinal tether which appears soon after treatment with NEpi could

n~t

tremely small, undetected changes in radius.
constant by the regulating system.

result from exPressure is held

Thus, 'the decline in longi-

tudinal tether appears to result from some direct action of NEpi
upon the wall under essentially isometric conditions.

Similar

results were observed in 5 experiments.
Under conditions of zero transmural pressure, the !u

.

.

situ length vessel exerts a constant, retractive longitudinal
force.

This may be termed the force of initial tether.

initial tether reflects the force necessary to

maint~in

situ length of the unpressurized, undistended artery.

The
·the in
It also

reduces the radius to a smaller value than would exist if the
vessel were unextended.

Circumferential stress and strain val-

ues, discussed earlier, were computed using the small radius
encountered in the extended artery as zero strain.

Similarly,
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longitudinal stresses may be calculated by referring to the initether as the functional zero baseline.
Longitudinal stress was calculated as the sum of the
stress due to pressure and the stress due to the alterations in
tether above or below the force of initial tether&

(26)
stress due to pressure was calculated according to equation Bb,
p

(jl
and

'' T

p

=r

o

2'

.ri '

X

r 2

2 -

I

the stress due to changes in tether was calculated by divi-

ding the net tether force by the cross-sectional area of the wal

-

. F ·r

1.'

=

1T(r 2 0

r 2)
i

( 2.7)

The stress due to pressure is positive at all radii, and the
stress due to alterations in tether is negative over the entire
radius range.

figures 26A and 27A present the longitudinal

·stresses as a function of circumferential strain.

It is clear

that, in spite of the fact that NEpi decreases the tether com•
ponent, NEpi increases the net longitudinal stress at any given
circumferential strain.

This is because the increase in the

pressure component associated with NEpi is
crease in the tether component.

~reater

than tho de-

Longitudinal strain is

!".:

''
'I i

FIGURE 26A

ARTERY 7: LONGITUDINAL STRESS-CIRCUMFERENTIAL STRAIN CURVE.
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essentially fixed in these experiments.

It is also clear that

following treatment with either NEpi or KCN the longitudinal
/

stress increases with increasing radius.

This is contrary to

the unchanging length predicted of an isotropic tube undergoing
circumferential expansion. by Equation 20.

It is apparent that

the behavior of the arterial wall, when elongated to 1u

~

length is anisotropic.
It was of interest to estimate the extent to which the ·
wall deviated from isotropy.

Equation 20 related circumferen-

tial and longitudinal properties for an isotropic material.

where,
e:.L = longitudinal strain

OL= longitudinal stress
EL: longitudinal elastic modulus
\):

Poisson's ratio

ac= circumferential stress
Ec = circumferential elastic modulus

In an isotropic material Poisson's ratio is equal to
0.5, and circumferential and longitudinal elastic moduli are
equal.

This equation was used as follows.

longitudinal strain

was set equal to zero because the length of the arteries was

196
essentially fixed.

Circumferential stresses were calculated

from circumferential stress-strain plots.

The slopes of these

curves were graphically determined, and 75% of these values were
used as the circumferential elastic moduli.

Poisson's ratio was

taken as 0.5, as indicated from the previous wall volume
studies. · Finally, the equation was solved for the longitudinal
elastic moduli at each circumference.

Figures 268 and 278 pre-

sent graphs in which circumferential elastic moduli are plotted
against longitudinal elastic moduli.

The behavior of the arter-

ial wall would be termed isotropic only if the points fell along
the line of equality.

The curves indicate that the circumferen-

· tial elastic modulus is consistently greater than the longitudinal elastic modulus.

In one case the ratio, Ec:EL, is about

1.3:1 after poisoning with KCN, and this is increased to about
2&1 when the smooth muscle is activated with NEpi.

In the other

case the ratio is 1.2&1 after poisoning with KCN and this is increased to 1.4:1 when the smooth muscle is activated with NEpi.

,.

'

At vary low values, the longitudinal modulus is·aqual to, or
greater than, the circumferential· modulus.

': i

'

FIGURE 268

ARTERY 7: PLOT Of CIRCUmfERENTIAL ELASTICITY AGAINST LONGITUDINAL ELASTICITY
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CHAPTER V

DISCUSSION
A.

Wall Volume.

The present results indicate that·

the volume of the arterial wall, in fixed-length preparations,
remains constant over a wide range of physiological pressures.
These may be compared with the findings of Lawton (1954), fenn
(1957), Tickner (1965), and Carew at al (1968).

Lawton and

Carew both studied arteries in fluid-filled chambers, sealed
except for a

capill~ry

of the chamber.

tube projecting vertically out of the top

Changes in the level of the fluid in the capil-

lary tuba ware measured to indicate changes in the volume of the
arterial specimen.
sible.

Water was assumed to be virtually incompres-

Lawton (1954) stretched aortic strips cut at transverse,

longitudinal and diagonal angles.
ume of 3% or less over the entire

His data show changes .in
rang~

vel~

of extensions studied.

Carew mounted cylindrical segments of dog

aor~a

in such a cham-

ber, and transferred known volumes of fluid from the extravascular region of the chamber to the intralumenal space.

Extreme-

ly undistensible tubing and leakproof fittings were used.

The

bulk modulus of the artery, calculated in this way was found to
199 .

be 4.35 x 10

9

2

dynes/em •

200
This may be compared with a value for

the bulk modulus of water of approximately 2.33 x;o 10 dynes/cm 2
at atmospheric pressure and l00°f {Rouse, 1938).

The findings

of Carew et al indicate that the arterial wall is about only 5
times as compressible as water.

However, it is well to note tha

the arterial wall is also permeable to water.

The imposition of

a strong compressive force across the wall might cause an extravasation of water from the wall tissue into the surrounding
fluid.

The laval of fluid in the capillary tube was used to

measure changes in arterial wall volume, but this method does
not really indicate the volume of the arterial wall; it really
indicates the volume of the total contents of the chamber.

A

transfer of fluid from one compartment to another compartment
within the same chamber would therefore go undetBcted.

Accord-

ing to Harkness at al (1957) and fischer and Llaurado (1966),
70% of the arterial wall is water.

If the volume of the speci-

men is small relative to the volume of the chamber, as it was in
the experiments of Carew at al, then it is no surprise that the
bulk modulus .of the wall, determined under these conditions,
approaches the bulk modulus of water.

The results of the pre-

sent experiments agree with the findings of Lawton and Carew,
but ware performed using less elegant, but somewhat less equivocal, methods.

201

The experiments of fenn (1957) and Tickner (1965) employed visual techniques.

fenn hung arteries vertically and
/

perfused them from below with a saline-filled U-tube.

The lower

end of the artery was fixed and changes in length were determined by measuring the movement of the upper, ligated end of
the artery.
each

Intralumenal volume and length were determined at

press~re

step, an& the relationship between internal dia-

meter and wall thickness was determined microscopically
end of the experiment.

~t

the

fenn found that when the pressure was

increased, the artery expanded both circumferentially and longitudinally.

fenn felt that this indicated that the wall was un-

dergoing compression, and he calculated Poisson's ratios of as
low as 0.3.

However, the experiments were performed on fully

retracted arteries, and properties defined under these conditions may bear little resemblance to the extended iu
tion.

~

condi-

If nothing else, one may anticipate apparent alterations

in mechanical properties because of changes in position along
the alinear circumferential and longitudinal stress-strain
curves.

Tickner (1965) also studied longitudinally extensible

arteries by x-raying vertical, mercury-filled vessels.

He faun

that the circumferential and longitudinal stiffnesses were
equal, that radial stiffness was independent of both internal
pressure and axial loading, and he, too, concluded that the arterial wall behaves as a compressible material.

In Tickner's
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experiments wall thicknesses were measured with an x-ray technique.

A few attempts were also made in the present experiment
/

to measure wall volumes in extensible vessels.

At short length

the· outer layers of the wall and remnants of the sheath wrinkle.
producing an immeasureable

11

trapped volume 11 of air and fluid.

'The approach was therefore abandoned.

furthermore, the present

experiments had the advantage of a definable lead oxide layer
on the outer surface of the vassal, while Tickner's did not,
making his measurements that much more uncertain.

In any case

it is possible that the wall is compressible when it is under
stress in the retracted state, but this state never occurs in
life.

--

from the present experimental data on extended, in situ-

.

length vassals, the arterial wall appears to be essentially isovolumatric.

This concurs with the findings of Lawton and Carew

at al, but refutes the findings of fann and of Tickner.

Only

the studies of Carew at al were performed on vassals possessing
a geometry comparable to those employed in the present experiments.
8.
constrict.

Actions of NEpi and KCN.

NEpi causes arteries to

This was observed at pressures of 150 mm Hg or lass

in every artery studied, and also at higher pressures in most o
these arteries.

However, NEpi never produced constriction in

arteries subjected to procedures designed to kill living tissue,
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indicating that the constricting action of NEpi is dependent
upon a living process.

Presumably this process is the active
/

contraction of smooth muscle calls, although the present experiments do not provide any direct evidence for this.

The doses

of N£pi used in the present experiments were quite high, altho
not as high as the doses used in some experiments reported in
the literature; for example, Van Citters et al (1962) used 100
g/ml dose for direct infiltration into mesenteric arteries.
Others, such as Speden (1960) and Keatinga (1966) used doses of
500 and 250

g/100 ml NEpi respectively, similar to the doses

used in the present experiments.

Apparently the route of ad-

ministration is an important variable.

Gillaspie (1966) studied

the. response of isolated, !n vitro arteries to doses of NEpi
perfused through the lumen as compared with the same concentration applied to the outside of the vessel.

The arteries were

found to be less sensitive to external applications of the drug.
This is probably due to the bulk flow provided by the vasavasorum which transports the lumenal contents into and through the
wall.

In order for an externally applied drug to be effective

it must diffuse through the adventitia and into the media.

At

200-300 mm Hg, the pressure at which NEpi was given in the present experiments, the arterial wall was found to be about 0.25
mm thick.

The smooth muscle is located in the middle third of
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the wall so that the diffusion distance was 0.10-0.15 mm.

Since

the drug was applied in high concentrations on or near the ad/
ventitia, it seems reasonable to assume that an appreciable
amo.unt would reach the smooth muscle
ing

200~

cells~

The purpose in us-

g/100 ml NEpi was to produce strong contractions, but

no claim is made that the observed response is the most powerful
response possible.
Potassium cyanide was used to inhibit smooth muscle
contraction.

Diffusion considerations regarding NEpi apply

equally to KCN.

The observation that NEpi never elicited a con-

tractile response after poisoning with cyanide suggests that·
smooth muscle contractility was very strongly inhibited.

The

..

short latency of the dilation response rollowing administration
of KCN suggests that the high pH may have ~een the primary cause
of smooth muscle inhibition, rather than the inhibition of cyanide ion on metabolism.

The effects of an alkaline pH on con-

nective tissue elements were of serious concern.

However, the

fact that arteries poisoned by diverse means (Table I) failed to
exhibit any change in caliber when subsequently treated with 60
mg/100 ml KCN allayed these fears.

In 2 experiments, contracted

vessels were treated with 68 mg/100 ml KCl to provide the same
concentrations of potassium ion as that given when the vessels
were treated with 60 mg/100 ml KCN; this did not cause dilation,
and in fact appeared to produce an additional constriction.
arteries were subsequently treated with 52 mg/100 ml NaCN to

The
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provide the same concentrations of cyanide'as that given when
the vessels ware treated with 60 mg/100 ml KCN; an~ this did
cause dilation.

The KCI did nat alter pH, while the NaCN ele-

vated it to 9.0.

It is clear from this evidence that the in-

hibition of smooth muscle activity by KCN is due to the action
·of the pH and/or the cyanide ian.
The present results (figure 15) indicate that activation of the smooth muscle with NEpi does not change the compressibility characteristics of the arterial wall., However, the
slope of the wall volume curve after poisoning with cyanide
might indicate a greater tendency toward compression.
likely that this is due to an expression of water.

It seems

All the ar-

teries in these studies were subjected only, to ascending pressure sequences, and this could have resulted in a systematic
decrease in volume as the pressure (and diameter) was increased.
Unfortunately, neither random nor repeated sequences were performed.

Casual observation of cyanide-treated vessels in the

KCN-duratian studies leaves no doubt that the arteries tend to
became water-lagged.

It seems probable that this tendency to

become water-lagged is due to the influence of the KCN upon
various ion pumps and other systems limiting membrane permeability.

The calculated wall volumes of vessels coated with

lead after soaking in KCN for 60 minutes or more did not exhibit
any tendency to decrease in volume with increases in radius.
C.

Specificity of NEpi and KCN.

The arteries listed
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in Tabla I ware subjected to several procedures to test the

possibility that NEpi and KCN significantly.influertce the mechanical properties of arteries by an action other than excitation and inhibition of the vascular smooth muscle.

It is

evident .that the first four procedures - freezing, heating,
subjection to anoxia, and swelling with distilled water - inactivate the muscle because NEpi did not constrict these arter~
ies, and KCN did not dilate them.

However, it is possible that

KCN dilates intact arteries by disrupting the integrity of soma
aspect of the connective tissue, and that the four procedures
selected to inactivate the muscle have the same disruptive action on that aspect of the connective tissue.
conceal the action of cyanide.

They would thus

However, it seems improbable

that four such diverse methods of killing living tissue would
share the same potential to damage elastin or collagen.
freezing kills living cells if either the cooling or
heating phases occur slowly.

According to Prosser and Brown

(1961) the mechanism of destrtiction results from:
of the protoplasm

br

1

l) disruption

ice crystals; and 2) intracellular dehy-

dration that results from the concentration of extracellular
ions by the formation of ice crystals in the extracellular water
before the intracellular water.

However, the swelling produced

by ice crystals might also break connective tissue elements.
Heating inhibits the ATP-ase activity of muscle proteins.

According to fujino et al (1959) virtually complete
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inactivation of rabbit skeletal muscle actomyosin ATP-ase activity occurs after heating of 50°C for 15 minutes.

Similarly,

/

OeVillafranca and Naumann (1964) reported that the ATP-ase activity of actomyosin extracted from Limulus was almost entirely
abolished by heating to 45oc for 10 minutes.

The one hour

. heating procedure performed in the present experiments should
have accomplished such ATP-ase inactivation.
to exceed 50°C to avoid damaging collagen.

Care was taken not
Thermal contraction

of native collagen occurs at 60-65°C (Gustavson, 1956; Piez and
Gross, 1960), however more subtle denaturation might occur at
lower temperatures.

Elastin seems almost indestructable and

can even withstand boiling in acid.
Soaking in distilled water was performed to causa
swelling and lysis of cellular elements in the arterial wall.
The obvious swelling with distilled water, and the abnormal
ionic environment,:· itself, may have bean detrimental to the
muscle, enzyme systems and perhaps connective tissue.

However,

all preparations were restored to Krebs-Ringer solution before
testing with NEpi and KCN.

Perfusing arteries with nitrogen

gas for 8 hours deprives cells of oxygen, and is probably the
most innocuous of the 4 procedures.

These various means of

destroying cellular elements appear to be fairly independent
of one another in their probable actions on the connective
tissue.

It.seems reasonable to conclude,rtherefore, that the
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primary action of both

N~pi

and KCN is probably on the

contrac~

tile activity of the vascular smooth muscle.
The fifth group of arteries listed in Table I were
those treated with NEpi and KCN after storage under refrigeration in Krebs-Ringer dextrose solution for up to 12 hours.
Three out of four of these arteries exhibited dilation in response to treatment with NEpi at 225 mm Hg.

When the pressure

was decreased to 150 mm Hg they exhibited typical, slow, smooth
muscle contraction.

These were the only vessels ever observed

to exhibit dilation in response to treatment with NEpi.

Subse-

quent treatment with KCN produced dilation, and it was noted
that the radius achieved at 225 mm Hg by

di~ation

with NEpi.

NEpi and KCN were ineffective in eliciting responses from arteries killed by freezing, heating, etc., but were effective in
eliciting responses from refrigerated arteries.

This indicates

that the smooth muscle in the latter group of arteries was probably responsive, and this interpretation is supported by the
finding of Macht (1914) who reported that rings of human pulmonary artery, kept under refrigeration for 7 weeks, contracted
in response to treatment with epinephrine.

In the present ex-

periments it was found that the vessels were very inextensible
after standing in Krebs-Ringer solution without distention.

The ·

longer they were permitted to remain undistended the more inextensible they appeared to be.

They also exhibited considerable
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creep at each pressure step.

Zatzman et al (1954) have cor-

related the viscous-like behavior of arteries with the amount
/

of smooth muscle that they contain.

Apter (1967) has made the

same observation after studying the differential effects of
temperature on the constituents of the arterial wall.

In the

present experiments it was also noted that the vessels exhibited
much more creep after treatment with NEpi than after poisoning
. with KCN.

It therefore appears that long periods in the un-

loaded state permitted the arteries to contract to an extrema
degree and to become vary inaxtensibla, as though an exceptionally large number of. actin-myosin bonds had bean formed at
a shortened length.
to mounting.

A few arteries were soaked in cyanide prior

These vessels did not exhibit the extreme inex-

tansibility of live vessels.
tonic contractile

p~ocess

It appears, therefore, that a

is responsible for the resistance to

distention, and, of course, that it is intracellularly located.
In skeletal muscle, resting tension is usually
thought to be localized in extracellular structures, largely
because of the dominance of the studies of Banus and Zatlin

(1938) and Ramsay and Street (1940).

These authors demonstrated

that microdissection of muscle fibers or compression of tha fibers with fine dissecting needles to destroy
, intracellular contents had no effect on length-resting tension diagrams.
therefore attributed all of the resting tension to the

They
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sarcolemma.

However, several less-quoted studies have refuted

these findings.

Casella (1950) reportQd that the resting ten/

sian of frog skeletal muscle fibers fell to 38% of control after
compres~ion

of the muscle fibers with dissecting needles.

Simi-

larly, Buchthal and Weis-fogh (1956) found that compression of
·the fibers of

striate~

locust and water beetle muscles reduced

their tensile strength to 15-30% of control.

Experiments des-

cribed by fang (1932), Sandow (1966), and Johnson and Garber
(1967) may be interpreted as evidence for the view that the
contractile system may be involved in resting tension.

fang

(1932) found that the oxygen consumption of resting skeletal
muscle increased in proportion to the load that it was required
to sustain.

Sandow (1966) described the phenomenon of latency

as a brief decrease in

th~

resting tension of skeletal muscle

which immediately precedes the rise in contractile tension.
finally, Johnson and Garber (1967) found that certain molluscan
muscles are much less resistant to extension immediately after
a phasic contraction than during normal resting conditions.
These reports may be interpreted as evidence for the contribution of the contractile system to resting "tone".

A similar

interpretation may also be applied to the tonic behavior of
the refrigerated arteries in the present experiments.

Whether

or not there is a significant "resting tension" within the vascular muscle in addition to the 11 tonic tension" of the contractile system cannot be determined from the present experiments.
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It appears that the refrigerated arteries are tonically inextansible and are capable of developing active tension when
/

treated with NEpi.

However, in order to contract they must

first be released from their tonically contracted state.

Treat-

ment with KCN will release them, but then they will be unable
.to reform bonds.

NEpi will also somehow release them and bonds'

will reform, but not if the load opposing those bonds is too
great.

Apparently at 225 mm Hg the distending force is too

great for bonds to form, and at 150-175 mm Hg it is not too
great.

An hypothesis, which may explain the NEpi-release be-

havior has been devised involving the interaction between the
contractile element. and a series elastic element.

It will be

discussed in a later section in which this model is developed.
D.

Shortening Behavior.

The present results indicate

that the active contractile stress of vascular smooth muscle exhibits a unimodal peak when plotted as a function of strain.
This agrees with the findings of many studies on smooth muscle
preparations derived from arteries (Speden, 1960; Sparks and
Bohr, 1961; Lundholm and Mohme-Lundholm,

1~66),

intestine

(Brocklehurst, 1926), taenia coli (Aberg and Axelsson, 1965),
dog retractor penis (Winton, 1926), nictitating membrane
(Hampel, 1934), uterus (Csapo and Goodall, 1954) and various
molluscan smooth muscles (Abbott and Lowy, l958a).
The mean strain at which the peak active stress
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occurred in the present experiments was .56

~

.04, as compared

with 60% to 9Q% extension reported by Speden (1960), Sparks and
/

Bohr (1962) and Lundholm and Mohme-Lundholm (1966) for studies
on strips.

However, these strains are not truly comparable.

"Initial, length 11 in strip studies were defined as the length
. associated with either zero or some arbitrary level of tension,
while in the present experiments "zero strain" was arbitrarily
designated as the radius at 25 mm Hg wile under the influence
of NE:pi •. This value was selected because the 25 mm Hg was used
in most experiments as the low paint in the pressure cycles.
Another methodological difference between the present experiments and those found in the literature must be considered.
The strip studies described in the literature were performed
under essentially isometric conditions, while the present experiments were neither purely isometric nor purely isotonic.
Thus, the calculation of active stress was based upon the
capacity of

th~

vessels to decrease dimension at each pressure.

Since measurements were taken only after stable radii were achieved, the strain associated with the maximum active stress
was inevitably smaller than would be measured under isometric
conditions.
An inevitable error committed in performing the present experiments was in reestablishing the length of the arterial segments.

When a retracted, thick-walled artery is drawn

over a cannula and secured, a disproportionately large amount
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of wall material is trapped on the distal side of the ligature.
When the free portion of the preparation is elong,ted·, cannulated and secured, the central portion is inevitably over-extended.

The only way to avoid this

arteries

in~.

~rror

is to cannulate· the

and to ·fix their length before excision, but

this was not performed in any of the present experiments.

On

the other hand, the studies on strips suffer from exactly the
opposite error.

These preparations are disproportionately

thick at the onset and are unrestrained in all directions.
Thus, while the present preparations probably tended to be
overly inaxtansibla, arterial strip preparations undoubtedly·
suffer from just the opposite property • .
The peak active stress observed in the present ax•
periments was .88 ~ .11 x 106 dynas/cm2.

This may be compared

with only three studies in the literature, because in nona of
the others was the cross-sectional area determined.

Abbott and

Lowy -(1953) reported that various molluscan smtioth muscles exhibited peak active stre~sas of 0.5 to 4.5 x 106 dynes/cm 2 ;
Aberg and Axalsson (19&5) reported that guinea pig taenia coli
exhibited a peak active stress of 1.8 ~ .5 x 106 dynas/cm2; and
Lundholm and Mohma-Lundholm (1966) reported that strips of bovine mesenteric artery exhibited a peak active stress of 2000
grams/cm2.

However, these values are for whole tissue, and no

attempt was made to express the data in terms of the percentage
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percentage of the tissue that is smooth muscle.
Gaodford and Hermansen (1961) determined that the in•ulin space of guinea pig taenia coli is 320 ml/L.

If this

value is taken as an iridication of the ratio of extracellular
to intracellular space then this ratio may be used to correct
the active stress data of Aberg and Axelssan (1965).

Thus cor-

rected, the smooth muscle of taenia coli generates 2.7 x 10 6
dynes/em

2

active stress.
Duerst (1930) determined, by histological studies,

that smooth muscle comprises 75% of the ~ass-section of mesenteric arteries.

If the active stress data of Lundholm and

Mahme-Lundholm (1966) are corrected far this proportion a value
.

6

of 2.67 x 10

2

dynes/em

.

active stress is obtained.

finally, Laszt (1964) determined, by histological
studies, that smooth muscle comprises about one-third of the
crass-section of bovina carotid artery.

If the present experi-

mental data are corrected far this proportion, a value of 2.64
x 10

6

dynes/em

2

is obtained.

Thus, all three measurements par-

formed on separate preparations, under different conditions and
by different techniques are extremely close when corrected for
the percent of the tissue that is actually muscle cells.

The

three studies do share one vary important feature in common;
each of them included a specific step to be certain that the
muscle system was truly relaxed.

Aberg and Axelssan used
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and epinephrine to render ihe taenia coli segments
Addition of monoiodoacetic acid failed to further
/

Lundholm and Mohme-Lundholm used monoiodoacetic
buffered to pH 7.9 to kill the strips of mesenteric artery.
ussium cyanide at pH 8.8 was used in the present experiments.
kill· the muscle.

A special effort to inactivate the r.Juscle is

step when studying smooth muscle because of the capacit
tissue to maintain tone.

The use of such a step

plain the closeness of the values that were obtained.
The present findings on smooth muscle also may be
~mpared

with skeletal and cardiac muscle.

Studies on fibers

obtained from frog semitendonosus muscle indicate peak active
6

of 2.4 to 4.4 (mean 3.5) x 10

. 2

dynes/em

(Ramsey and

rest, 1940), while Spiro and S~nnenblick (1964) reported that
hog sartorious muscle exhibits a peak active stress of 1.5 to

3.5 (mean 2.35) x 10 6 dynes/cm 2 •

Studies on cat cardiac papil-

lary muscle by the same authors indicate a peak active stress o
.
0.35-0.95 ( mean 0.64 )· x 10 6 dynes I em 2 , while
Walker

values of .23 x 10

6

dynes/em

2

c1960 )

re-

for dog papillary muscle.

basis of these comparisons, it appears that smooth muscle
~n

develop about the same active stress as skeletal muscle, and
can develop 4 to 10 times that of cardiac papillary

~:
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It is difficult to relate the presence of a peaked active smooth muscle stress curve to intracellular processes be/

cause so little is known about the disposition of smooth muscle
proteins.

The characteristics of the overlapping of actin and

,I
I

~:·I
·!I

u
'i

!

myosin have been correlated with the peaked length-tension curve
in skeletal muscle (Huxley, 1960; Carlson et al, 1961) and cardiac muscle (Sonnenblick et al, 1964), but i~ smooth muscle the
location of myosin is unknown.

The presence of myosin has beeri

established by chemical studies (Needh~m and Williams, 1963;
Schoenberg et al, 1966), but not by electronmicroscopic or x-ray
diffraction studies (Rhodin, 1962; Elliott, 1964).

'.

This sug-

~

Panner and

1,:

:';
'j

gests that myosin exists in a disaggregated form.

I

Honig (1967) described electronmicroscopic studies of smooth
muscle which revealed parallel layers of actin filaments.

They
'"

also observed arrow-head-like structures protruding laterally
from actin filaments· in extracted material.

They therefore sug-

,I

gested that myosin might be located as dimers or other short
units linking parallel actin filaments.

Such a model with a

·'
/'1f

random·distribution of myosin units along the length of the actin filaments could account for the appearance of a peak in the
active tension at moderate strains.

The fairly symmetric de-

cline of active tension above and below the peak are also consistent with this modal.

li
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The present experimental data indicate that activacon~

tion of smooth muscle with NEpi c8uses a gradual, graded

traction, bringing each artery to a smaller radilis after treatment with NEpi than during the pretreatment condition or during
the period following poisoning with kCN.

This decrease in ra-

dius is far more important to the overall status of the cardiavascular system than the stress that can be developed.

Pattern

of blood flow are largely determined by the relative resistance
in varioUs vascular beds, and resistance is inversely related
to the fourth power of the radius.

It

~s

therefore

meanin~ful

to consider the mechanics by which smooth muscle produces
changes in radius.
According to Burton (1951), the connective tissue in
the arterial wall provides "elastic tension" which can maintain
equilibrium with the- distending forces; smooth muscle is believed to provide additional "active tension 11 which permits the
establishment of a new equilibrium at a lower radius, or at the
same radius with a greater pressure.

"Elastic tension" is be-.

lieved to decrease uJith decreasing radius, reflecting the influence of collagen at large radii, and elastin at low radii.
"Active tension" is believed to depend largely upon vasomotor
activity.

However, the problem persists as to how a

traction can occur.

~raded

con-

At equilibrium, the circumferential dis-

tending and restraining forces are equal.

At constant pressure

·
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the addition of even the slightest additional restraining force
by smooth muscle should upset this equilibrium in favor of the
/

restraining force and lead to a decrease in radius.

Once this

occurs the retractive force should always dominate because the
distending.force (rd
crease in radius.

= PT

x ri x L) has been reduced by the de-

Since the KCN-poisoned vessel can maintain

a stable equilibrium at all pressures it must be concluded that
the elastic tension provided by connective tissue must decrease
with decreasing radius, and that this then leads to a new equilibrium.

However, even if the connective tissue "elastic ten-

sion" (FR

= oc

x h x L) were to decrease with decreasing radius,

·the additional force provided by the active muscle may always
cause disequilibrium in favor of the restraining force.

In ad-

dition, the wall thickness factor (h) increases with decreasing
radius, and this also tends to increase the restraining force.
According to this line of reasoning, maximum constriction must
result from even the slightest increase in smooth muscle activity.
case of

Obviously, this does not actually occur, not even in the
th~

present experiments where very powerful smooth mus-

cle contractions were elicited.

The critical paramEtter is the

circumferential stress (oc)·
It may be observed in Figures 17A, 8 and 18A, 8 that
the cyanide-poisoned vessel is capable of maintaining equilibrium over the entire pressure ranges studied.

Thus, under

219
relaxed conditions, any decrement in the distending force leads
to a decrease in radius, and this leads to a decreme9t in the
restraining stress.

Activation of the muscle at large radii

generates a relatively large increment in active stress, and
this causes a decrease in radius (figures 17A and l8A).

At

large strains this decrease in radius causes a precipitous decline in the passive stress exerted by the wall (figurGs 178 and
188).

It is so great a decline in stress that even though the

active stress is large, or even increasing with the decreasing
radius, the net effect upon the total retractive stress (NEpi
curve) is still an overall decline.

Thus, the retractive stress

within the wall declines as the radius

decr~ases,

and the radiu

will continue to decrease until the restraining force just equal
the distending force.

A new equilibrium is thus achieved, but

because of the additional restraining force contributed by the
muscle, the new equilibrium is achieved at a radius somewhat
smaller than would occur if the muscle were relaxed.

The only

way to cause additional contraction is to produce a condition
where the restraining force again exceeds the distending force.
Decreasing the pressure

w~ll

accomplish this by decreasing the

distending force, and, again, the artery will begin to contract
At first, contraction will be rapid because there is a large
force gradient.

It then will proceed more and more slowly as
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the restraining stress declines with the decreasing radius, and
the force gradient is gradually reduced with contraction.

This

self-limiting process thus achieves a new equilibr~um with each
pressure change.
The rate at which the passive stress (figures 178 and
188~

KCN curve) declines determines the magnitude of the radius

change of the resting vessel, when subjected to equal step decreases in pressure.·

At large strains, a 25 mm Hg decrease in

pressure must produce only a

s~all

decrease in strain before a

very large decline in passive stress occurs.

At small strains,

.,
i·

i

the same 25 mm Hg pressure step must produce a vary large decrease in strain before an appreciable decrease in passive
stress has occurred.

Thus, the KCN pressure-radius curves (fi-

gures 16A and 17A) exhibit little radius change with given
• I

pressure decrements at large radii, but show very large radius
changes with the same pressure decrement at smaller radii.
The constricting influence of active smooth muscle
depends upon how much additional restraining force it can provide.

At large strains the active stress is great, and this is

associated with large decreases in radius; at smaller strains
the active stress is small and the magnitude of the decrease in
radius is also small.

However, the magnitude of active short-

ening is not simply a function of the absolute increment in
force provided by the muscle, as one might predict; it is a

'''
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function of how the force provided by the muscle modifies the
slope of the stress-strain gurve.

Figures 178 and 188 indicate

that at large strains the slope of the active-plu,~passive
(NEpi) curve declines more gradually than the passive (KCN)
curve at the same strain.
c~rve

the

At small strains the slope of the·

describing the KCN-treated vessel is steeper than that of

NEpi~treated

are about equal.

vessel, and at moderate strains their slopes
This would predict that at large strains the

NEpi-treated vessel will retract more, with a given pressure decrement, than the KCN-treated vessel.

At low strains the KCN-

treated should retract more than the NEpi-treated vessel.
moderate strains their

retr~ctions

should be about equal.

At
In-

spection of Figures 17A and l8A indicates that these shortening
actually do occur.
It is known that decreasing the driving pressure in a
perfused physiological preparation will cause a decrease in
flow, and that the flow will cease before the gradient has fal. len to zero.
sure".

This phenomenon has been called "critical clo-

Burton (1951) observed that critical closure is most

apparent in arterioles and

arterio-veno~s

anastamoses, and .that

these vessels contain very little connective tissue.

He argued

that the caliber of these arteties was inherently unstable
without connective tissue in their walls to maintain resting
equilibrium; if the muscle were relaxed the distending ·force
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uld overwhelm the negligible restraining force and causa extrams dilation, and if the muscle ware active th~distending
rorce would be overwhelmed by the restraining force and cause
complete closure.

While the analysis of maximum dilation upon

!i

muscle relaxation seems reasonable, it is not immediately apparent why complete closure should not also occur in arteries
I

in which there is an abundance of elastin and collagen.

If the

.

,I
;:

.~ '

connective tissue and the smooth muscle behave as parallel, extended, elastic elements, such as stretched springs, then both
of these elements may be expected to exert retractive forces.
This premise underlies the subtraction of the stress after cyanide from the stress after NEpi as a means of "isolating the
stress exerted

(~el,

by

active muscle.

If this assumption of para*-

retractive function is true, then one might anticipate a

greater tendency for closure in arteries containing large
amounts of connective tissue than in vessels containing little
connective tissue.

Burton's argument that there is "inadequate

elastic tension to maintain equilibrium" and prevent closure is
obscure.
An alternative interpretation originates with the observation in· the present experiments that at zero mm Hg transmural pressure the arteries were always more dilated after poisoning with cyanide than after stimulation with NEpi.

In•·most

'

'I
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cases they were about the same radius at zero mm Hg after cyanide as they were at 25-35 mm Hg after treatment w)th NEpi.
The cyanide poisoned vessel at zero mm Hg is probably the best
approximation of the unloaded, natural state, because the
forces within the wall are due entirely to the interaction be-.
tween connective tissue components within the wall, and the
elongated, cylindrical geometry.

Under these conditions the

circumferential stress is effectively zero.

All the elastin

and collagen fibers which tend to retract further are just counterbalanced by those which tend to be compressed.
termed the

11

This may be

zero state", and is p'robably the most logical desig

nation of a true zero strain for the .!.D.

~

length artery.

A

force, extrinsic to the connective tissue, is required to reduce the radius to below this level, and active smooth muscle
can provide this force.

Thus, at large radii the retractive

force provided by smooth muscle adds to the force provided by
the connective tissue fibers because they are both tensile, i.e.
they both behave as extended springs.

At radii below the zero

state, the retractive force provided by the smooth muscle is
opposed by.the connective tissue fibers because the latter are
subjected to a net compression.

According to this interpreta-

tion, the reason why critical closure occurs in arterioles and
arterio-venous anastamoses is simply that there is very

litt~e

connective tissue present to resist compression.

--
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E.

Distention Behavior.

The data illustrated in.

Figures 17A, D, E, f, and lBD, E, f, indicate that

th~

elasti-

/

city of arteries tends to increase with both strain and pressure.

The results of these sample experiments are substantiate

by the data presented in Tables IIIA and IIIB.

The general

alinear form of the stress-strain curves (figures 17D and 180)
resembles those described in the literature by Roy (1880),
Beuterwall (1921), Bram~'lell et al (1923), Krafka (1939(, Roach
and Burton (1959), and others who studied rings, strips, and
pressure-volume segments.

The biphasic character of this curve

has most satisfactorily been explained by a parallel arrangemen
of elastin and collagen (Reuterwall, 1921; Remington et al,
:f

1945; Roach and Burton, 1957).

The low elasticity obssrved at

small strains (figures 17D and lBD) has been attributed to ala
tin, while the increased elasticity encountered at longer
strains has been attributed to collagen.

Differential removal

of either element by putrifaction (Remington et al, 1945;
'

. I

Krafka, 1939) or enzymic treatment (Roach and Burton, 1959)
causes the wall to assume the behavior of the remaining element.
The fact that the arterial wall does not disintegrate after dif
ferential removal of elastin or collagen proves that these elements are essentially arranged in parallel.

If they were in

series, removal of either element would destroy the wall.
Apter (1967) differentiated elastin and collagen by their
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characteristic mechanical responses to elevated temperatures.
These indicated that a collagen component is
small strains.

pres~nt
/

even at

However, this component is quite small, so that

the overall static behavior of relaxed or poisoned arteries may
be

descri~ed

by the model

illustrated in figure 28.

The

11

loos

II

spring on the left, labelled E, represents elastin (elastic
modulus about 3 x 10 6 dynes/cm 2 ), and the "tight 11 spring on the
right, labelled C, represents relatively stiffer collagen (alas
tic modulus about l-10 x 10 8 dynes/cm 2 ).

The tight spring is

connected to the loose spring by means of a detachable hook, in
order to account for the ·fact that the high elasticity of colla
gen does not dominate the system until the system is extended t
fairly large strains.

This proposed model agrees with both the

mechanical behavior of arterial preparations in the present and,
many published studies, and with the electronmicroscopic find!
of Pease and Paule (1960) who found that collagen fibers are not
connected to any other structures within the wall.

Burton

(1954) emphasized that adventitial collagen serves as a protective jacket at large distentions.

However, histological studie

of arteries fixed at various perfusion pressures (Wolinsky and
Glagov, 1964) indicate that although adventitial collagen fiber
are still somewhat slack at pressures up to 200 mm Hg, the medial collagen fibers are quite taut at these pressures.

There-

fore, an additional longer, tight spring might be included in

l
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the -model to represont adv8ntitial collaaon.
ranged so that its hook would not be engaged
was stretched to vary large strains.

It could be aruntil~he

system

The model predicts a sharp

increase in elasticity whsn the C tight spring is angagbd, but
the real.artery is presumed to be composed of numerous similar
modsl units.

Variability in the lengths of the springs would

give a graded overall transition from the highly extensible to.
the very inextensible state.
The elasticity dota observed in the present experiments may be compared quantitatively with cinly those of ~ergel
(1961), because his are the only experiments performed on arterial segments held at the appropriate length and evaluated in
terms of elastic moduli.

The pressure-elasticity data presents

in Figure 19 indicate that, at all but the lowest pressures,
the values of Bergel fall between the values observed after
treatment with NEpi and after poisoning with KCN in the present
experiments.

This suggests that some residual activity of

smooth muscle may have influenced 8ergsl 1 s moduli, especially
at high pressures.

The difference between 8ergel's and the

present values in the 25-50 mm Hg range is difficult to explain.
One possibility is. that either his vessels were longitudinally
slack, or that those used in the present experiments were somewhat overextended;

This possibility is supported by a compari

:', ~
'••\
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between the present KCN data with Bcrgel's data obtained from
presumably relaxed vessels.

Thes2 curves are

apart over most of the pressure range in a
fashion.

s~i?t~

regula~,

vertical!

systemati~

Another methodological difference between tho present

studies and those of Bergel is that his experiments were performed at l8-22°C, in air, while the present experiments wore
performed at 36-37°C, in a Krebs-Ringer bath.

In order to eval-

uate the influence of temperature, 2 additional arteries were
subjected to repeated pressure-radius cycles in the bath at
20°C.

After repeatable cycles wore obtained the temperature

was elevated to 37°C.
were virtually

Even though the ~inal two cycles at 20°C

identica~

the next cycle, run at 37°C, exhibited

distinctly greater distensibility, especially at higher pressures.

This suggests that Bergel's elasticity values may be

somewhat higher than might be anticipated under ill

~

condi-

tions.
The present data indicate that activation of smooth
muscle with NEpi produces as increase in elasticity when this
parameter is plotted as a function of strain, but a decrease in
elasticity when it is plotted as a function of pressure.

The

consistency of this phenomenon is indicated by the data in Table
III.

It has been previously noted that the elasticity of ar-

teries increases with incrGasing strain.

Treatment with NEpi

causes the smooth muscle to generate increased retractive force,
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and this causes contraction.

In the present experiments the

arteries were permitted to contract, and the elasticity was determined from the distention curves.

Since the active smooth

muscle caused circumferential shortening, the vessels exhibited
smaller radii at each pressure level during the distention saquence after treatment with NEpi than during the distention sa-

'.
(;

':.!

'!'

quence after poisoning with KCN.

The elasticity of the re-

tracted NEpi-treated artery is dominated by the mechanical
characteristics of smooth muscle and relatively unextended ala
tin·.

I

By contrast, the elasticity of the dilated, KCN-poisoned

artery is dominated by the mechanical characteristics of elongated elastin, and ultimately the extreme inextensibility of
collagen.

The present data indicate that the increase in elas-

ticity provided by active muscle is insufficient to offset the
decrease in elasticity that results from the contraction to a
smaller radius.

This point is illustrated by the location of

the arrows in figures 170 and 180 which indicate the strains·
<

associated with 100 mm Hg in the NEpi-treated and KCN-poisoned
states.
A controversy has existed for some time concerning
the action of smooth muscle on arterial distensibility.

Wezler

and Boger {1936), Wiggers and Wegria (1938), Landgren (1952),
Alexander {1954), and Laszt (1968) found that excitation of
vascular smooth muscle by administration of pressor agents or

j
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by means of reflex activation causes an increase in arterial
distensibility.

On the other hand, Lawton (1957), Leonard and
/

Sarnoff (1957), Peterson et al (1960), and Torrance and Shwatz
(19~1)

reported that excitation of vascular smooth muscle causes

a decrease in arterial distensibility.

If these data are con-

sidered in light of the present findings it may be observed
that those reporting increased distensibility presented their
.

.

data as a function of pressure or stress, while those reporting decreased distensibility presented their data as a function
of radius.

Thus, the conflict seems more apparent than real.

However, it is important to inquire as to whather or not

Local stimulation of

con~

duit arteries actually do contract in ~iva when the smooth muscle is excited.

arteri~s

by electrical

excitation or topical application of pressor agents causes constriction (Peterson at al, 1960; Davis, 1964; Keatinge, 1966)
but these ere not normal circumstances.
directly measured the in

~

Gerova and Gero (1967)

diameter of femoral arteries un-

der the influence of integrated, reflex-induced changes in
sympathetic tone.

Arterial diameter was measured with a dis-

placement transducer similar to the device used in the present
experiments. ' Sympathetic activation, produced by bilateral
carotid occlusion, was associated with increased systemic
blood pressure and increased arterial diameter, while inhibition of sympathetic tone by inflation of the carotid sinuses
was associated with a decrease in systemic blood pressure and

,·

a decrease in arterial diameter.

When the blood pressure was

~~

artificially stabilized by a system of reservoirs, reflex-in/

duced sympathetic activation caused femoral constriction, and

.I

reflex inhibition of sympathetic activity resulted in femoral
dilation •. Thus, in the animal without pressure stabilization,
the arterial diameter followed the changes in pressure.

This

indicates that true constriction probably does not take place

--

in vivo.

Patel at al (1960) measured the radius of dog pul-

mcnary arteries i!l

~·

They found that systemic administra-

tion of NEpi produced a small decrease in arterial distensibility, i.e., a decrease in the dimensional changes associated
~ith

the pressure pulse.

However, they also noted an increase

in the diastolic diameter, so that the decrease in distensimight have resulted from increased elasticity associated
with ·the increase in diastolic diameter.

These results strong.¥

suggest that true constriction of large arteries probably does
not occur !!l

~,

and any effects that the activated smooth

muscle might have would have to be exerted without the influence of gross shortening.
In order to investigate the influence of shortening,
7 arteries were subjected to pressure cycles which were designed to maintain the vessels within a narrow range of radii.
When NEpi and, later, KCN were administered, the pressures
ware manipulated to keep the vessels at the low point in the

!
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narrow radius range so that no apparent shortening or dilation
could occur.

In 6 out of 7 experiments treatment with NEpi

resulted in no change in distensibility at the lower/~art of
the radius range, but a definite increase in distensibility
0 ver

the KCN-poisoned vessel in the higher regions of the

diUS range..

ra~

One such experiment is illustrated in Figure 29.

After poisoning with KCN the vessel became progressively stiffer with increasing radii, but after treatment with NEpi it
continued to remain distensible, at these same radii.

A stri-

king feature noted was that treatment with NEpi caused the

di~

tensibility curve (8r/~P) to become absolutely linear over the
100 mm Hg range tested.

It is difficult to conceive of how

smooth muscle could "add 11 distensibility to the fully relaxed
{KCN) artery.

Active contractile bonds must have formed be-

causa it was necessary to elevate the transmural pressure 35
to 50 mm Hg to prevent more than a just-discernible decrease
in radius •. A possible explanation of the NEpi-induced increase
in distensibility, based upon an assumption of isometric contraction of smooth muscle, is offered in a later section of
this discussion.
F.

Hysteresis.

The present results indicate that

arteries subjected to distention and retraction exhibit hysteresis.

In all cases the distention process was associated

with greater pressure and stresses .than the retraction process.

PRESSURE-RADIUS CURVES FOR DISTENTION SEQUENCES IN AN ARTERY
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These results are similar to those reported far circumferencetension curves of aortic rings (Remin~tan, 1955), pressure/

volume curves of arterial segments (Landgren, 1952; Bergal,
1961), pressure-volume curves of venous segments (Alexander
at al, 1953), pressure-volume curves of the total pulmonary
vasculature (Sarnoff and Berglund, 1952), pressure-diameter
curves of in.~ arteries (Remington, 1962), and length-tension curves of arterial strips (Speden, 1961; Sparks and Bohr,
1962; Lundholm and Mohme-Lundholm, 1966).

In the present ex-

periments i t was found that the width of the hysteresis loop
depends upon the amplitude of extension, i.e. the extent to
which the radius was changed.

Remington (19~5) made the same

observation regarding circumference-tension curves for arteri~
lt was also observed in the present experiments that
the vessels were much less extensible during the initial distention than upon subsequent distentions.

This has been ob-

served by Krafka (1939), Remington at al (1945), Katz et al
(1947), Berge! (1961), and many others.
The present data indicate that activation of the
smooth muscle with NEpi markedly increases the width of the
hysteresis loop.

This differs with the results of Remington

(1955) who found that treatment of rings of femoral artery
With epinephrine caused increased tension, but only on'the
first extension following treatment.

On the subsequent

'.
!.
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retraction and all folrowing extensions the loop returned to
its usual dimensions.

However, the findings of Go to ;;1nd ·
/

Kimoto (1966) ware similar to the present observations.

Elec-

trical stimulation of aortic rings increased the amplituda of
hysteresis, and especially displaced the limb of increasing
stress.

Remington also observed

hy~teresis

in ligamentum

muchae and artery preparationsputrified long enough to destroy
the smooth muscle cells, but not long enough to destroy the
elastin.
tendon.

However, he did not observe hysteresis in collagenous
Goto and Kimoto did observe hysteresis in arterial

preparations treated with trypsin to remove the elastin, but
·did not see it if the collagen was removed with formic acid.
Hirsch (1944) observed delayed recovery of strain in collagenous
cartilage.

In the present experiments on shortening and dis-

tention from multiple origins it was noted that the width of
the loop depends upon the amplitude of extension, especially
at pressures of 100 mm Hg or mora.

This agrees with the find-

ings of Goto and Kimoto that chemical destruction of collagen
abolishes the hysteresis of arteries; apparently collagen fibers begin to carry the load at these pressures.

Remington's

(1955) finding that collagenous tendon does not exhibit hystaresis does not negate the importance of arterial collagen
with respect to hysteresis.

Tendon is composed of closely

packed, highly oriented fibers, while arterial collagen fibers
tend to assume an increasingly random organization with
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decreasing pressures.
Remington (1963) suggested that there

m~ht

be struc-

tural changes as intramural elements shift from a circumferential to a longitudinal orientation.

This may be important in

untethered arterial rings, but it is probably not a dominant
factor in the present fixed-length arteries.

The most obvious

explanation is that hysteresis is due to internal viscosity
which prevents the dimensional changes from faithfully following the changes in force.

Although viscosity undoubtedly

contributes to hysteresis it does not seem to be the essential
. cause for the following reasons. It has been noted in the present experiment and many previous studies that the retraction
of the loop is relatively stable,' and that it is alterain the extension limb which increase or decrease the
width of the hysteresis loop.

If hysteresis were caused by

a viscous phenomenon then one would expect QQi!:!. limbs of the
.loop to be equally altered by an effective influence.

furthe~

more, Remington (1955) found that the width of the loop was
not influenced by the rate of stretch until some critical
value was encountered.

Certainly any viscous phenomenon

should be influenced by the rate of stretch.

In the present

experiments, 2 minutes of stable radius was used as a criterion
of stability.

The time constant of any visco-elastic element

influencing hysteresis under these conditions must be so long
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that it seams justifiable to consider this influence essentially elastic.

A model which may explain this stable hys-

teresis is presented in the following discussion.

/

Most descriptions of the arterial wall place smooth
muscle in parallel with the connective tissue elements
(Reuterwall, 1921; McDonald, 1960).

However, this arrange-

ment cannot account for the rather complex behavior observed
in the present

experiments~

Lundholm and

~hme-Lundholm

(1966)

and Aberg (1967) reported the .presence of a significant series
elastic element in smooth muscle.

Accordingly, a more satis-

factory model has been devised which incorporates a series
elastic element.

This is illustrated in Figure 288.

contractile element (C£) is coupled to both

a series

element (5£), and a parallel elastic element (P£).

The
elastic
Collagen

(C) is arranged parallel to this system, connected by means
of a detachable hook.

Certain assumptions are made about

the behavior of the various components of the model at and
below physiological strains:

1) the force increment necessary

to extend the C£ a given strain is greater than the force decrement necessary to shorten the C£ an equivalent amount, i.e.
its elastic modulus at any given strain is greater when undergoing extension than when undergoing retraction; 2) the C£ exhibits a length-elasticity relationship, with the maximum
ticity occurring at approximately the same strain as that

ala~

238

correlated with the maximum active stress; 3) the elasticity
of the CE + PE is greater than that of the S£, and it changes
/

more with a given change in strain than does the elasticity
of the SE.

The rationale for these assumptions is as follows:

1) the force increment required to extend to CE seems to be

greater than the force decrement required to shorten the vessel
because the retracted, NEpi-treated artery exhibits less distensibility (A r/~p) at most radii during extension than during
shortening.

This is not observed when the CE is inactivated

by KCN; 2) the CE is thought to exhibit a length-elasticity
relationship because it is assumed that the same intracellular
contractile bonds responsible for shortening are responsible
for resistance to extension.

The shortening data reveal the
'

resence of a length-active stress relationship, so it is
reasonable to assume that the resistance to extension exhibited
by the contractile element may also follow such a pattern; 3)
the elasticity of the CE is believed to be greater than the
elasticity of the SE and PE because of the strain-elasticity
data in figures 170 and 180.

The elasticity of the CE is be-

lieved to change more than the elasticity of the S£ and PE
with equivalent changes in strain because at low and moderate
strains the slopes of the NEpi elasticity-strain curves are
steeper than the slopes of the KCN curves at low and moderate
strains (figures 170 and 180).

This model, with its assumptions

I

~'
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may be applied to the hysteretic behavior of the artery illustrated in figure 20.

Interruption of the distention limb of

the hysteresis loop after NEpi produced different results when
performed at large and small radii.

Interruption of the dis-

tention limb at a low radius resulted in marked shortening
with the very first pressure decrease.

However, when the dis-

tention limb was interrupted at a large radius it did not
shorten until the pressure had been decreased .several steps.
This behavior was not seen after the vessel had been poisoned
with KCN.

The model explains this behavior as follows.

Duri~

the distention process after treatment with NEpi, both the SE
and the CE are extended.

Interruption of the extension curve

at a low pressure or radius results essentially in a reverse
process, and therefore little hysteresis.

However, distention

to a large radius results in a relatively greater extension of
the SE than the CE because the CE becomes more elastic with
creasing length.

i~

The SE is assumed to be somewhat less elas-

tic and it therefore continues to extend.

Extension of the

SE permits the overall radius of the artery to increase and
this increases the distending force by more than just the
pressure increase.

This is because the distending force is

equal to the produce of the pressure times the vessel radius.
Interruption of the extension limb at a large radius does not
result in active contraction.

This is because the CE is tao
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short, with regard to its position along its strain-active
stress curve, to generate sufficient contractile force to
/

overcome the high distending force associated with the large
pressure and radius.

Decreasing the pressure thus results,

initially, in only passive retraction of the SE.

Support for

this interpretation is the similarity between the initial
portion of the retraction curve of the vessel after treatment
with NEpi and the retraction curve of the artery after poisoning with cyanide at approximately the same pressure.

The

ves~l

thus behavss as though only connective tissue elements (the SE)
were retracting, but that these were "set'' at an abnormally
short circumferential length by the relatively less-extended
CE.

The fact that the NEpi curves tend to resemble the KCN

curves at a slightly lower pressure may reflect the partially
retracted PE.

As the radius decreases along this curve the

distending force falls until it is equal to the active force
that the ''sat" CE can generate, and active contraction can
then proceed.
Shortening from multiple origins was performed in
order to obtain a comprehensive family of curves similar to
those observed in the interrupted loop experiments.

The model

predicts that the disparity between the active stress that the
smooth muscle can develop and the distending stress that it
must overcome increases as the point of origin is increased •

.
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a large radius of origin the CE should be far too short
to cause active contraction, while at a small radius of origin
it should be able to cause considerable contractions.

Figures

2lA and 22A indicate that this behavior is actually observed.
When these data are converted to stress-strain curves (Figures
218 and 228), the difference between the KCN curve and any

NE~

curve may be taken as an indication of the active stress.

It

is clear that the smaller the radius of origin, the greater the
effective active stress that is developed at any given strain
' I

during the subsequent retraction sequence.

This agrees with

the prediction of the model that the disparity between the activa contractile force and the distending force is increased
increased extension.

Thus, in spite pf the fact that

CE is mora extended at a large radius of origin, and

po~
,

tentially able to generate considerable force, it is unable to
overcome the disproportionately larger distending force.
Since the extended muscle cannot produce a decrease in vassal
radius, the calculated stress associated with a given strain
is lower for the vassal when originating from a large radius
of origin then for when originating from a lower radius of
origin.

Subtraction of the KCN stress· curve from the NEpi

stress curves in Figures 218 and 228 would give a family of
active stress curves.

Although this subtraction has not been

performed, ana may anticipate that these curves will indicate

\I
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progressive extension of the CE and PE portion of the
model, so that it should be possible to calculate the elastic
/

modulus of just these parallel-coupled elements.
Distention from multiple origins (figures 23A and
24A) was performed in order to study the influence of successively shorter radii on subsequent distention curves.

Appli-

cation of the model to this procedure predicts that the CE will
be permitted to retract to

progress~vely

shorter lengths the

further the distending force is decreased.
originating from small

~adii

Thus, the curves

of origin should possess a shorter

CE, and therefore should exhibit lo.wer elastic moduli than
those originating from larger radii of origin.

The graded

elastic moduli presented in figures 23C and 24C support this
!!!'"'

~)prediction.

Thus, the ability of the "acti va 11 artery to re-

tract or distend depends, to a good extent, upon its recent
·length and pressure history •. According to the proposed modal,
the properties exhibited by an artery, at any given

~adius,

r~

fleets the influence of a wide range of combinations of CE
length and SE length.
The modal may also explain the behavior of arteries
maintained within a restricted range of radii (figure 29).
These experiments indicate that NEpi increases the distensibility over that observed in both the pretreatment and KCNpoisoned vessel.

The increase in distensibility was found
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with respect to both pressure and radius.

No matter how small

an elasticity the CE contributes·to the system

i~

must in-

crease the elasticity over the KCN-poisoned vessel, unless it
somehow takas away more elasticity than it adds.

The modal

suggests that an isometric contraction might occur, so that
the CE and PE would shorten and SE would extend.

The

degr~e

to which the elastic moduli of the CE and PE are decreased
by shortening must be quantitatively greater than the degree
to which the elastic modulus of the SE is increased in order
for a net increase in distensibility to occur.

The one re-

stricted radius ·experiment exhibiting a slight decrease in
distensibility after treatment with NEpi was

performs~

at high

rradii and pressures, suggesting that the SE may have been in
~-l'
the steep portion of its strain-elasticity curve.
The behavior of refrigerated arteries presents one
of the most difficult challenges for the present model.

The

marked inaxtensibility coupled with NEpi-induced dilation after refrigeration suggests that the CE was providing the inaxtansibility.
of

the~model

Con~ideration

of the dilation response in terms

suggests that the large radius achieved at high

pressures might have been due largely to an extrema extension
of the SE element.

Two observations are consistent with this

View& · 1) the arteries dilated with NEpi to almost the identical radius achieved, at the same pressure, after poisoning
6yanide; 2) active contraction did occur when the

':··
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pressure, and therefore distending force, was decreased.

It

may be that NEpi increases both the rates of "make" and "break"
/

of the contractile bonds, or at least the rate of "break 11 , if
there is some inherent tendency to

11

make", NEpi would then re-

lease the locked CE, and permit almost maximum distention.
However, it remains a mystery how sa· short a CE could exhibit
such high elasticity.

Several authors (Bader, 1963; Alexander

and Johnson, 1965) have suggested the presence of a plastic
element in series or parallel with the CE.

Abbott and Lowy

(1958) observed that when molluscan smooth muscle was permitted to remain under

co~stant

load overnight, it exhibited

an almost identical length tension curve on the following day
as it did on the preceding day, but did so at a longer length.
A plastic element has not been incorporated into the present
model because neither its location nor· its properties can be
consistently predicted.
G.

Longitudinal Properties.

The present studies

indicate that the arterial wall behaves as an anisotropic tube
when elongated to in.

~

length, and that its anise tropy is ·

exaggerated by activation of the vascular smooth muscle.

This

is exemplified by the prompt decline in longitudinal retrac-

tive force that follows treatment with N£pi, even without any
significant changes in radius.

This might be attributed to an
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isometric contraction of the vascular smooth muscle.

Such a

.,
,j

contraction may have realigned connective tissue elements from
/

a random or longitudinal orientation to a more circumferential
orientation.

Alternatively, the decrease in longitudinal force

may have resulted from a change in the geometry of the muscle
cells.

Electronmicrophotographs indicate·that the smooth mus-

cle cells of the arterial wall are densely-packed, with the
wide portion of each cell fitting neatly into the potential
space provided by the narrow portion of cells beside it (Pease
and Paule, 1960; Conti et al, 1964).

If these cells shorten

they must becoma wider, and there is virtually no space to accomodate this widening, without producing longitudinal compression.

Such a compression force would tend to cause longi-

tudinal elongation.

These speculations are based on the as-

sumption that the cells, as a whole, are capable of shortening
without producing an overt change in arterial radius.

It is

also possible that activation with NEpi might cause an

orient~

tion of intracellular contractile filaments to a predominantly
circumferential direction, which coincides with the long axis
of the cells.

Unfortunately, too little electronmicroscopic

data is available to evaluate this possibility.
concept of reorientation seems to be real.

However, the

One of the 5 ar-

teries studied was arbitrarily mounted at a length that was
longer than i!J.

~

length.

In this vessel each increase in

.,

'j
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pressure, in the

pret.rea'tllli~nt

condition, resulted in an

crease in longitudinal retractive force.

in.-

When the vessel was
/

treated with NEpi this pattern actually reversed so that each
increase in pressure then resulted in a decrease in longitudinal force, resembling the other 4 arteries.
s~en

finally, it was

that·when the vessel was poisoned with KCN, it reverted

back to the unique pretreatment behavior.
The conclusion that the wall is anisotropic has also
beeri expressed by fenn (1957), who found that retracted arteries elongated when subjected to increasing transmural pressures.

Inspection of equation 20 indicates that an isotropic

·tube should not change length because the Poisson's ratio of
0.5 halves the value of ere; the circurnferential stress due to
E

pressure isjust double the longitudinal stress due to pressure, so that ifL =~ifc; thus, SL equals zero. However, arteries
E
E
do not normally exist in a retracted state, and the additional
forces involved in maintaining tether upset the 2:1 ratio between circumferential and longitudinal stress.

It is of in-

terest, therefore, that the present experimental data indicates

--

that the arterial wall is anisotropic, even under in situ
.

length

co~ditions.

for the purposes of comparison, 3 addi-

tional arteries were cannulated at both ends.

One cannula

was mounted to the tissue bath, and the other cannula was
sealed and

perm~tted

to float freely on the

Kr~bs-Ringer

i
r
J·

'

i '
i
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the tissue bath.
. 0 xygen

The vessels were inflated with

from their mounted end and were photographed with a
/

contaflex 35 mm camera equipped with portrait lenses and an
electronic flash unit.

Vessel dimensions were determined by

measuring the images of the vessels on the color slides under
~a dissectin~

microscope fitted with Cook image-splitting eye-

The vessels were subjected to shortening and distention procedures under pretreatment, NEpi and KCN conditions,
~d

were x-rayed at the end of the experiments.

figure 30A

illustrates the stress-strain curves for the shortening sequences.

Both longitudinal and circumferential expansion oc-

wrred.

Longitudinal expansion apparently limited the strains

could be achieved in the circumferential direction.

Treat-

with NEpi elicited a typical increase in circumferential
but produced no measureable active stress in the longitudinal direction.

This pattern was observed in each of the 3

experiments, and is in agreement with Barbour (1912) who found
much less of a response to epinephrine from arterial strips

wt in a longitudinal direction than from those cut in a
verse direction.
~rues

t~ans

figure 308 presents .the strain-elasticity

for the distention sequences.

Unlike the

~hortaning

sequences, NEpi did have a measurable effect on both longitudinal and circumferential elastic moduli when plotted as a
;

~

i

,

! '
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function of their respective strains.

The elastic moduli in

these experiments were calculated simply as the slope of the
stress-strain curves.

These experiments agree w{th the fixed-

length longitudinal studies, in that both preparations exhibited a tendency to lengthen with increasing. pressure, and both
showed an increase in +ongitudinal stress under the influence
of NEpi during the distention sequences.
The studies on freely distensible arteries illustrated in rigure 308 indicate that the longitudinal elastic
modulus increases abruptly with increasing length.
length artery is fixed at a length which probably
·to a large longitudinal strain in rigure 308.

corresponds
The in situ

At very low

pressures the circumferential strain may decline to low values,
but the fixed longitudinal strain cannot.

This may explain

the finding that at low circumferential strains, the circumferential elastic modulus may decrease to a value that is
equal to, or even lower than, the longitudinal elastic modulus.
The anisotropy observed in both freely-distensible
and i!J.

~

length arteries indicates that a more complex

math~

ematical approach is necessary for an exact analysis of the arterial wall.

It also indicates the inadequacy of arterial

strip and ring preparations where a precise determination of
mechanical properties is desired.

.·
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CHAPTER VI
SUMMARY AND CONCLUSIONS
Techniques were devised to measure the mechanical
properties

of.~ ~

state conditions.

length carotid arteries under steady-

Radii were measured with a transducer con-

sisting of a transformer with a light-weight moveable core;
wall thicknesses were calculated

fr~m

sel at the end of the experiments.
obtained&

x-rays taken of the ves-

The following results were

1) the volume of the arterial wall remains constant

over the normal physiological range of pressures, thus the
Poisson's ratio

i~

0.5.

This was found when the smooth muscle

was active (NEpi), moderately active (untreated), and killed
(KCN); 2) the activated .smooth muscle caused active arterial
constriction.

The mean active circumferential stress developed

by the smooth muscle of the carotid artery was .88 ± .11

d~nes/cm 2

for whole tissue, and 2.64 x 10 6 dynes/cm 2 for the·

estimated percentage of the wall that was purely smooth muscle;
the maximum decrease in radius produced by activation of the
muscle occurred at strains correlating with a mean pressure of
62 ~ 4.8 mm Hg; 3) activation of the muscle produced a change
·251
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~n

circumferential elastic modulus of the vessels subjected to

distention.

The vessels exhibited a greater elastic modulus
/

when the muscle was active than when it was poisoned, if considered at any given strain.

Just the opposite was observed if

the elasticity was considered at any given pressure; 4) hysteresis was observed, and it was greatly increased when the
smooth muscle was activated.

The hysteresis was such that the

wall stress was greater at any given radius during distention
than during shortening; 5) vessels permitted to shorten from
various radii exhibited progressively less active stress at
any given radius, the larger the radius from which the
ening procedure was begun.

Similarly,

vessel~

short~

subjected to

distention from various radii exhibited progressively lower

~lastic

moduli, the smaller the radius from which the disten-

tion was begun.

These effects were greatest when the smooth

muscle was active, and least when the smooth muscle was poisoned.

A model incorporating a series elastic element was

proposed to account for this behavior; 6) longitudinal forces
were determined in some vessels, along with circumferential
forces.

Both 1u

~

length and freely distensible arteries

exhibited a tendency to lengthen when subjected to elevated
transmural pressures.

It was condluded that the arterial wall

is anisotropic and exhibits a greater elastic modulus in the
circumferential direction than in the longitudinal direction.
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